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Notations and abbreviations 

13C  Carbon 
15N Nitrogen 

1D One-dimensional 
1H Proton 

2D  Two-dimensional 
31P Phorsphorus 

3D  Three-dimensional 

ADSE Adiabatic Double Spin Echo 

ALTADENA  Adiabatic Longitudinal Transport After Dissociation Engenders Net 

Alignment 

ASE Adiabatic Spin Echo 

B0 Main magnetic field 

BEST Band-selective Excitation Short-Transient  

BPPSTE Bipolar Pulse Pair Stimulated Echo 

BW BandWidth 

COD Cyclooctadiene 

COSY  Correlation Ordered SpectroscopY 

CP Cross-Polarization 

CPMG Carr Purcell Meiboom Gill 

CSV Coefficient Standard de Variation  

CT Constant-Time 

CTP Coherence Transfert Pathway  

D Diffusion coeffcient  

D-DNP Dissolution- Dynamic Nuclear Polarization  

DANTE  Delays Alternating with Nutations for Tailored Excitation 

DOSY Diffusion-Ordered SpectroscpY 

DQF Double Quantum Filtered 

DSTE Double Stimulated Echo 

EPSI Echo-Planar Spectrocopic Imaging 

FAMOUS Fast Multi-Spin-Echo Diffusion Sequences 

FID Free induction  

FOV Field Of View 

FT Fourier Transformation  

GNAT General NMR Analysis Toolbox 
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HMBC Heteronuclear Multiple Bond Coherence 

HMQC Heteronuclear Multiple Quantum Coherence 

HSQC Heteronuclear Single Quantum Coherence 

HTS High Throughput Screening   

iDOSY Internal Diffusion-Orderred SpectroscopY 

IMes 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-ylidene 

INEPT  Insensitive Nuclei Enhanced by Polarization Transfer 

ITAMED Iterative Thresholding Algorithm for Multiexponential Decay 

J-Res J-Resolved 

LED Longitudinal Eddy current Delay 

MAD Matrix-Assisted DOSY 

MMME Multiple Modulation Multiple Echoes 

MRI Magnetic Resonance Imaging  

ND Multi-Dimensional  

NMR Nuclear Magnetic Resonance 

NE Non-Echoed 

NOE  Nuclear Overhauser Effect 

p-H2 Para-Hydrogen 

p-jres Projected-J-Resolved 

PASADENA Parahydrogen And Synthesis Allow Dramatically Enhanced Nuclear 

Alignment 

PCy3  Tricyclohexyl phosphine, 

PFG Pulsed Field Gradient  

PGMSE Pulsed field-gradient multiple spin-echo 

PHIP Para-Hydrogen-Induced Polarization 

RF Radio Frequency  

SABRE Signal Amplification by Reversible Exchange 

SE Spin Echo  

SEOP Spin-Exchange Optical Pumping 

SNR  Signal to Noise Ratio  

SPEN SPatially ENcoded  

STE STimulated Echo 

T1 Longitudinal relaxation time 

T2 Transverse relaxation time 

TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl 

TOCSY TOtal Correlation SpectroscopY 
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UF UltraFast 

WGA Weak Gradient Acquisition  
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1. Introduction  

The identification and characterization of molecular species lie at the core of chemical science, whether 

for natural product research or chemical synthesis [1 3].  Separative techniques such as chromatography 

have become a staple method when it comes to addressing one of the main concerns of chemists: 

retrieving the pure individual compounds of a mixture. Still, this is a tedious and long task that can lead 

to degradation and the loss of certain compounds. 

A worthwhile tool that has demonstrated its effectiveness toward mixture analysis is nuclear 

magnetic resonance (NMR) spectroscopy, even though it is primarily regarded as an essential and 

powerful tool for structural elucidation [4 7]. As a non-destructive method that does not require any 

previous separation step or any derivatization and, in addition, that offers highly reproducible results, 

NMR spectroscopy possesses undeniable assets to address the challenge of mixture analysis. Many 

applications in the field of chemistry, biology, pharmacy, food and environment have taken advantages 

of NMR for this purpose [8 15]. A variety of schemes have been reported to unravel the spectra of 

mixtures, going from simple 1D experiments to more intricate multidimensional experiments [16]; They 

rely on information on the chemical environment of nuclei such as proton 1H, carbon 13C, nitrogen 15N 

or phosphorus 31P and also exploit relaxation, diffusion and coupling properties in order to simplify the 

NMR spectrum of a mixture [4,17 23].  

Among the existing methods to separate the NMR spectra of components within mixtures, 

diffusion-ordered spectroscopy (DOSY) experiments are commonly used [24 27]. This method is 

considered as a form of virtual chromatography and the spectra of each compound are sorted according 

to diffusion coefficient values. Pulsed field gradients (PFG) are used to measure molecular displacement 

that affect the detected signal by attenuating it. DOSY data are generated via incrementation of the 

gradient area over time so that the detected signal is made dependent on both the gradient strength and 

the diffusion rate. Each spectrum generated for one gradient level is attenuated to some extent and each 

species will have its own decay rate. Monoexponential fitting of decaying signals yields the associated 

diffusion coefficient and resonances can be sorted according to these values. DOSY is commonly 

applicable for 1D or 2D experiments leading to pseudo-2D or pseudo-3D experiment because of the use 

of an incremented gradient area to create the additional diffusion dimension [28 31]. This will result in 

significant lengthening of the experiment but this is mandatory when the mixture contains a large 

number of compounds leading to a decreased resolution that complicate the identification of signals. 

This experiment is known since the mid 90s and DOSY has led to applications in many areas of research, 

and it still has a large potential for further developments and applications [29,32 34]. However, the lack 

of sensitivity of this method along with its duration that increases with the dimensionality of the 

experiment  which is also true for all multidimensional NMR experiments in general  are obstacles to 

its use in some important cases. To meet the current needs of complex mixture characterization and 
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expand its range of application, DOSY NMR must be faster and more sensitive. Overall, new innovative 

strategies have emerged to overcome the limitations regarding speed and sensitivity of multidimensional 

methods and they will be exploited in combination with diffusion NMR methods in order to create novel 

tools. 

Attempts to reduce the duration of the DOSY experiment have resulted in several strategies that 

differ by their diffusion encoding strategies [35]. Some of them are meant to reduce the number of 

required scans to one, based on multiple gradients pulses, on multiple RF pulses, and on spatial 

encoding. Others, even if they require multiple scans, provide significant reduction of the duration of 

DOSY experiments through reduced sampling or reduced delay between scans [36][37]. The spatial 

encoding strategy was chosen to carry out this project. Indeed, a dramatic acceleration of 

multidimensional (ND) NMR experiments may be obtained with the so-

NMR) approach, which replaces the sequential acquisition of sub-experiments by a parallel acquisition 

in different parts of the sample [38]. The potential of UF NMR has been demonstrated for metabolomics 

analysis or real-time processes monitoring [39]. Many experiments such as COSY, TOCSY or HSQC 

have benefited of this acceleration strategy which appear to possess a general scope of application [40]. 

In the case of the DOSY experiment, promising results were obtained but its full potentiality has not 

been fully exploited yet for mixture analysis [41,42]. Unfortunately, this gain in terms of time comes at 

the expense of sensitivity which is significantly reduced.  

Generally speaking, NMR spectroscopy possesses a low sensitivity due to the small fraction of 

nuclear spins that are observable. Traditional means to increase sensitivity consist in increasing the 

sample concentration, using labelled compounds, going to a higher magnetic field or decreasing the 

temperature; which is not always possible or meaningful [43]. All of these methods used together lead 

to significant improvement in sensitivity but still the polarization level remains quite low as it obeys to 

Boltzman distribution. Solutions aiming to increase polarization level close to 1 are found in the realm 

of hyperpolarization. These techniques provide a considerable signal enhancement of several orders of 

magnitude compared to thermal equilibrium experiments. One can cite approaches such as Brute Force 

hyperpolarization, spin-exchange optical pumping (SEOP), polarization induced by para-hydrogen and 

its SABRE (Signal amplification by reversible exchange) version or dynamic nuclear polarization 

(DNP). The combination of conventional diffusion-based method with advanced techniques such as 

ultrafast NMR and hyperpolarisation should mark a significant progress for complex mixtures analysis 

and this particular coupling has not been fully investigated yet. Multidimensional spatially encoded 

(SPEN) DOSY NMR coupled with hyperpolarisation techniques would be of great interest in the case 

where the studied mixtures are not stable over time and could eventually find applications for real-time 

reaction monitoring and analysis of natural products. 

In the first part of this project, we focused on the development of fast multidimensional 

diffusion-based NMR methods in order to separate the pure spectra of compounds within a mixture. 

Two types of spatially encoded DOSY experiments were studied as preliminary steps of the overall 
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project. Reproducing these existing sequences and performing the associated data analysis allowed us 

to fully understand their properties and the underlying theoretical considerations. Both approaches are 

similar considering the fact that they use a spatial encoding block to encode diffusion. These strategies 

differ from one another by their acquisition block inspired from spectroscopic imaging scheme. Indeed, 

the first approach is characterised by signal acquisition under a weak read gradient whereas the other 

one uses a train of bipolar gradient pulses. An improved sequence of SPEN DOSY was designed 

embedding in a distinct way all the advantageous features identified to get optimum results.  

 The second line of the project was dedicated to the optimization in order to reduce systematic 

errors and also for addressing limitations of SPEN DOSY. Since the quality of the DOSY data are 

sensitive to many experimental factors, we have proposed a solution to reduce the effect of one of them, 

sample convection, that tends to cause an overestimation of diffusion coefficients. To address the 

limitations of SPEN DOSY for crowded spectra, a higher dimensionality DOSY experiment that can be 

recorded in the time of a classic 2D DOSY was designed. The issue of resolution, caused by a reduced 

spectral width in spatially encoded experiments, was also addressed using spectral selection and pure-

absorption spectral processing. Numerical simulations using the Spinach library [44], in partnership 

with Ilya Kuprov at University of Southampton, were made as well to improve the accuracy of the 

diffusion coefficient measured. The description of our SPEN-DOSY experiment was fully investigated 

in terms of convergence, effect of the parameters, effect of flow and model adjustment. All these 

improvements led to a SPEN DOSY experiment that was applicable to chemical reaction monitoring 

and the study of hyperpolarized mixtures, which constitute the last part of this thesis.  

The final part of the project was dedicated to the combination of these fast methods with 

hyperpolarisation strategies. The first option that we explored was the coupling of SPEN DOSY with 

dissolution dynamic nuclear polarization (D-DNP) that provides signal enhancements of up to 10 000 

[45 48]. Since the amplified signal last for few tens of seconds because of longitudinal relaxation, SPEN 

DOSY experiments appear to be suitable to be combined with DNP and record DOSY spectra of 

hyperpolarized mixtures in the imparted time-window (less than 1 min in the case of 13C). As DOSY 

experiments are strongly impacted by convection, the pulse sequence was upgraded to compensate for 

convection. This innovative coupling between D-DNP and SPEN DOSY was carried in partnership with 

normale s

Daniel Abergel. The other hyperpolarization strategy studied in parallel was the signal amplification by 

reversible exchange (SABRE) method that consists in a transfer of polarisation from parahydrogen to 

the substrate [49,50]. The transfer is done via interaction between the substrate, a metal complex and 

parahydrogen that form a temporary intermediate. The resulting enhanced signal last for few seconds so 

SPEN DOSY experiments are also well indicated to record this type of signal. This approach grants high 

levels of polarisation at low cost as the population difference between spins states can be increased of 

several orders of magnitude. These experiments were done in collaboration with Gaspard Huber and 

Patrick Berthault in CEA Saclay.     
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2. NMR spectroscopy, a non-destructive tool for mixture analysis  

This chapter aims to give a general description on how NMR spectroscopy can be used in order to 

address the challenge of small-molecules mixture analysis. One-dimensional and multidimensional 

NMR experiments are presented as well as their applications, relevance and limitations towards mixture 

analysis.  

2.1. The challenge of mixture analysis  

Chemical sciences strongly hinge on structural characterization and identification of molecular species. 

Whether it is for natural product research [1,2], chemical synthesis or metabolomics studies [3], 

retrieving the pure compound to be analyzed is traditionally a prerequisite. Before stepping into the 

structural determination process, the sample should be purified in order to dispose of side compounds 

and isolate targeted ones from the mixture to which they belong. When it comes to complex mixture 

analysis, separation techniques such as chromatography have become a standard staple method in order 

to fractionate a sample into its individual constituents. However, this step is highly time-consuming and 

may results in degradation of sensitives compounds. Besides, chromatography used in conjunction with 

mass spectrometry provides elucidation of molecular structure even when the compound is present in 

small quantities (nanomolar range) and with a high resolution. As a result, it is used in routine analysis 

to make sure that samples are clear from unwanted compounds or for reasons of safety and quality of 

the products.  

A valuable analytical tool for complex mixture analysis is nuclear magnetic resonance (NMR) 

spectroscopy [4,5]. Since its advent [6,7], NMR spectroscopy has become the preeminent methods for 

structural elucidation of molecules in solution as it grants access to information on the chemical 

environment of nuclei when placed in a static magnetic field. The measurement of parameters by NMR 

such as chemical shifts, relaxations rates, correlation times or diffusion coefficients provide information 

on molecular structure, size, binding events, and reaction kinetics [20]. It is common practice to go 

through extensive chromatographic fractionation before submitting the analytes to spectroscopic 

analysis. Nevertheless, with the recent developments of more sophisticated NMR experiments, hardware 

and instrument technology, the scope of applications of NMR spectroscopy has increased significantly 
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[16]. Its ability to provide rich information on structure, interaction and dynamics of molecules has 

extended to the direct analysis of mixtures.  

NMR spectroscopy offers the advantages of being non-invasive and non-destructive, in contrast 

to chromatographic analysis that is destructive for sample since we need to either heat it (when 

performing gas chromatography) or dilute it (when performing liquid chromatography) with 

considerable amount of solvent. It is a non-biased method that is suitable for many types of samples 

regardless of their chemical nature. Minimal to no preparation steps are needed before proceeding to the 

analysis and it is not necessary to go through derivatization steps. It provides extensive structural 

information on analytes and is highly reproducible with accuracy and precision. In addition, a direct, 

separation-free analysis can also result in time savings. The main limitations of NMR are a lack of 

resolution when to many compounds are present and a limited sensitivity. 

 

Figure 1: Sample varieties and panel of qNMR applications The current applications of qNMR can be dvided in 

two main groups: (1) absolute quantitation and purity determination of organic compounds (drugs, primary 

metabolites, natural products); and (2) metabolomics and quantitation of multiple analytes in complex natural 

matrices (e.g., food, botanicals, biofluids). Essentially all types of metabolites (e.g., sugars, fatty acids, organic 

acids, steroids) can be detected by NMR, explaining why a wide range of samples can be investigated. Therefore, 

qNMR applications cover the certification of purity, the identification and quantitation of drug metabolites, the 

quality control of food products and herbal remedies, the identification of biomarkers in complex natural matrices 

(e.g., herbal mixtures, biofluids), and finally clinical diagnosis. Reprinted with permission from [1] 

2013 Elsevier Ltd. All rights reserved. 

Many efforts have been made to take advantages of NMR spectroscopy for the characterization of 

mixtures [8], not only for applications in chemical sciences, but also in biology, pharmacy [9], food 

industry or for environment as schematized in Figure 1. It is a great tool for the understanding of 

chemical processes through reaction monitoring as it helps to characterize intermediates. Applications 

are also found in natural products research, for metabolomics studies [10,11] or polymers [12] and also 

plant extracts. It is very useful for understanding biological processes through the analysis of biofluids, 
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the search for biomarkers, or the study of molecular interactions for potential medical and in-vivo 

applications. In pharmaceutical studies, NMR spectroscopy is used to control pharmaceutical 

formulations, screen new compounds, and characterize mixtures to detect unwanted compounds to 

ensure safety and quality of the products. In environmental studies the technique is notably used to 

characterize contaminant and pollutants, while in food analysis it is used to for quality control and in 

particular authenticity and traceability [13 15]. Overall, NMR spectroscopy is often used to certify the 

composition of a mixture and identify new compounds. 

The analysis of mixtures by NMR often relies on 1D methods, which are however rapidly 

limited by signal overlap. Switching to 2D experiments instead leads to remarkable improvements in 

this regard. There are also many methods that provide a virtual separation of compounds, based on 

properties of the molecules such as relaxation, diffusion, or coupling network. The identification of 

components is often assisted by databases, as well as automatic methods to deal with the large quantity 

of data that needs to be stored and processed. Current trends in the NMR analysis of mixtures include 

the quest for higher sensitivity and the reduction of the time required for advanced NMR experiments. 

Progress on the latter over the years originates from NMR instrumentation, pulse sequence and data 

processing developments [51], that lead to new powerful experiments [52] as well new sampling 

strategies.  

It should also be noted that NMR spectroscopy is often used in combination with other methods, 

that have complementary features. For example, mass spectrometry gives information on molecular 

weight and atomic composition while NMR gives information on chemical surrounding, connectivity 

and spatial configuration.  

2.2. Mixture analysis by one-dimensional NMR  

The first step of any NMR spectroscopic analysis is usually to run a simple 1H 1D experiment. While 

many nuclei give an NMR response, protons give the highest sensitivity thanks to their high natural 

abundance and gyromagnetic ratio. 1H 1D NMR is used in routine analysis with few parameters that 

need to be optimized and a quick and easy execution that gives spectra, with current limit of detection 

in the micromolar range. 1H 1D spectra give information on the chemical environment of the nuclei via 

chemical shift, bonding between nuclei via J-coupling / multiplicity of the signal whose intensity reflect 

the associated number of nuclei [17,18]. The standard 1H pulse acquire sequence is well known by 

organic chemists and used to check the structure of compounds at the end of a synthesis for example.  

The accuracy of the information obtained with 1H 1D NMR depends strongly on the complexity 

and purity of the sample. Unexpected compounds can modify the spectra and signal coming from the 

impurity can hide the signal of the compound of interest. It is also not easy to determine if signals belong 

to the same molecule or if they come from multiple species. In such cases, the experience of the analyst 
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together with NMR databases are useful. When the number of compounds to analyze increases within 

the sample of interest, 1D 1H spectra can be quite crowded and the analysis becomes trickier. The fact 

that signals are spread over about 10 ppm only is unfavorable, compared to for example the ~200 ppm 

available for 13C analysis  although the low natural abundance and gyromagnetic ratio of carbon-13 

results in a 400 times lower sensitivity [17,18].  

Overall, spectral overlap is a main limitation of 1D experiments for mixture analysis. In order 

to simplify the 1D spectrum of mixtures, spectral editing strategies based on either difference in 

relaxation times, molecular displacement or J-coupling network lead to selective observation of 

components s and this helps with reducing the spectral overlap 

that may hide the small signals present.  

 

Figure 2: 400 MHz 1H NMR spectra of control human blood plasma with solvent water elimination and edited on 

the basis of differences in diffusion coefficients: (a) normal spectrum with application of 10 % gradient strength, 

(b) spectrum with gradient application at 50 %, and (c) the difference between (a) and (b). Assignments are, L8, 

choline and glycerol protons of phospholipids; N+Me3, N-trimethyl group of choline in phospholipids; Me( -3), 

CH3 resonance from CH3 2 = containing fatty acids in lipoproteins. Reprinted with permission from [53] 

 

Filtering the signals through relaxation properties leaves the spectra free from signals coming from 

molecules with high molecular weight, that have a short transverse relaxation time T2 [18,19]. The Carr-

Purcell-Meiboom-Gill (CPMG) [54,55] pulse sequence element is notably used to perform spectral 



 

 

33 

editing of the spectra according to transverse relaxation properties [18]. The selective attenuation of 

signals from molecules with high molecular weight is useful when macromolecules signals dominate 

the spectra and hide smaller signals [4,19]. One interesting application of this filtering is found for the 

analysis of biological fluids such as plasma and blood, to remove signal from proteins and quantify low 

abundant analytes [53]. 

A complementary method to relaxation editing is to use diffusion weighting with pulsed field 

gradients (PFG) in one-dimensional experiments. Filtering the signals according to molecular diffusion 

properties now leaves the spectrum free from signals coming from molecules with low molecular weight 

[4,19,20]. This was successfully applied to studies on blood plasma, for biological applications and 

analysis of carbohydrate mixtures [53,56 58]. Another approach consists of subtracting two spectra 

acquired under different PFG strength, as illustrated in Figure 2. While this approach is not time-

consuming, it required that that the observed species are well resolved in terms of size and molecular 

weight (MW).  

Another filtering approach is 1D TOtal Correlation SpectroscopY (TOCSY), which provides a 

separation based on the J-coupling networks [21 23]. The purpose is to identify resonances generated 

by one spin system in a molecule. While there is no need of relaxation of diffusion differences in the 

sample, a spin multiplet need to be clearly isolated from the rest of the spectra. Also, this is a selective 

method that does not necessarily give access to the whole molecule, as one can only observe resonances 

within a given spin system. Applications of 1D TOCSY for separation of two isomers or analysis of 

seminal fluid have been reported [59,60]. Other applications include quantification in honey [22], 

balsamic vinegar [61], and urine for metabolic studies [62]. Other methods to address the issue of 

overlap in 1D NMR include the use of spectral deconvolution and spectral substraction [63]. Since 

multiplets patterns are also causing resolution issues with the 1D spectra, leading to some difficulties in 

signal assignment, homonuclear decoupling methods have been developed. Decoupling is usually 

obtained at the expense of sensitivity [64]. Solution to this issue is to extend the experiment to a second 

or third dimension (most effective method) [8].  

2.3. Multidimensional NMR for mixture analysis  

2.3.1. Principle of multidimensional experiments 

When dealing with complex mixtures with a large number of compounds, we saw that the use of 1D 

experiments is complicated because signal overlap prevents the accurate identification and separation 

address the overlap problem is to increase the dimensionality of the 

experiment to two or more [8]. Signals are then spread over a larger domain and this can help to 



 

 

34 

distinguish between two or more signals that were overlapping in the 1D spectrum. Multidimensional 

experiments are generated by one or more incremented dimensions in addition to t -

dimension. For a 2D experiment, the so-called evolution time t1 is incremented in order to generate the 

indirect dimension, following this scheme:  

 

preparation----evolution (t1)----mixing----detection (t2) 

 

where the preparation and mixing events are fixed elements of a pulse sequence, t1 is an incremented 

parameter and t2 the acquisition time. The sequential repetition of this scheme gives a 2D data set S(t1, 

t2). Fourier transformation in two dimensions then gives a 2D spectrum with rich structural and dynamic 

information. This procedure can be extended to higher-dimensional experiments, where each indirect 

dimension is generated scan by scan. A variety of experiments are available and they may be sorted in 

homonuclear and heteronuclear experiments. These experiments and their relevance for mixture analysis 

will be presented in this section.  

2.3.2. Homonuclear experiments  

Homonuclear NMR experiments involve the same type of nucleus in both dimensions. One of the oldest 

multidimensional pulse sequence is the 1H 1H correlation spectroscopy (COSY) [65]. This experiment 

unravels the connectivity between adjacent groups of protons that interact through J-couplings. This 

interaction gives rise to cross peaks in the spectrum located at the chemical shifts of the involved protons. 

Several variations of the COSY experiment are available such as double-quantum-filtered COSY 

(dqfCOSY), which is a phase-sensitive version that is very useful for mixtures when magnitude-mode 

COSY become two crowded. This experiment is routinely used for structural characterization of 

compounds, be they in a mixture or not [66]. It offers a significant separation of signals that are 

overlapped on the diagonal of the spectra.  

The 2D version of the TOtal Correlation SpectroscopY (TOCSY) [67,68] experiment provides 

information of protons belonging to a given spin system in a molecule. This comes in addition to the 

information on directly coupled protons, thus giving a full description of the J-coupling network. 

TOCSY spectra tend to be trickier to analyze because of the difficulty to interpret cross peaks and 

because the spectra are more crowded than in COSY. Successful applications were nevertheless reported 

for mixture analysis with the study of insect venom [69], a chemical reaction mixture [70], a metabolic 

mixture [71] or amino acid mixtures [72]. 

Another way of simplifying spectra is to use 1H J-resolved (J-RES) NMR experiment that 

consists of separating the chemical shift information from the J-coupling information [73]. This also can 
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be useful for the analysis of complex mixtures [74,75]; the projected version of this experiment (p-

JRES) is also a possible approach to obtain homonuclear decoupled 1H 1D spectra.  

 Last but not least, diffusion-ordered spectroscopy (DOSY) is a powerful method to separate the 

NMR spectra of components within a mixture [24 27]. Their differentiation is based on the 

measurement of translational diffusion coefficients, which depend on molecular sizes and shapes. It is 

possible to differentiate compounds whose diffusion coefficients differ by less than 1 %.  In the classic 

DOSY representation, the first dimension corresponds to the 1D NMR spectrum of the sample, and the 

second dimension corresponds to the diffusion coefficient D. As a result, all the peaks from a given 

molecule are aligned along the corresponding value of the diffusion coefficient. This experiment is very 

efficient to separate NMR spectra and is considered as a form of virtual chromatography. DOSY have 

been used for a large of applications in mixture analysis, such as the characterization of drugs as 

illustrated in Figure 3 [29], for polymer studies [32] and also for molecular weight determination 

[33,34]. 

 

Figure 3: 2D DOSY 1H NMR spectra in D2O of tablets from (A) genuine Viagra and (B) the Syrian counterfeit 

formulation13. (S) sildenafil; (*) hypromellose; ( ) triacetine; ( ) lactose; ( ) polyethylene glycol (PEG). TMPS 

(trimethylsilylpropane sulfonic acid) is the internal reference. Part B: a deeper section of the two signals of 

hypromellose is shown in a box. Reprinted with permission from [29]  
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2.3.3. Heteronuclear experiments  

Heteronuclear NMR experiments involve different types of nuclei in the two dimensions. As 1H NMR 

suffers from a small chemical shift range, resolution can be increased thanks to the larger chemical shift 

range of other nucleus, which helps to separate signals. Simultaneously this also gives precious 

information for structural elucidation. For example the Heteronuclear Single Quantum Coherence 

method (HSQC) [76] is often used to record 1H-13C, 1H-31P or 1H-15N correlation spectra, in which 

protons are correlated to their directly bonded nuclei. The sensitivity of the experiment is also enhanced 

by a magnetization transfer from 1H to the X nucleus.  This experiment is of great interest for identifying 

compounds in a complex mixture. The resolution is significantly increased thanks to the wide chemical 

shift dispersion provided by the other nuclei (ex 13C) dimension. The Heteronuclear Multiple Bond 

Coherence  method (HMBC) [77,78] can be seen as an extension of the HSQC, where not only the signal 

arising from the correlation of protons and their directly bonded nuclei is visible, but additional signals 

corresponding to correlations over 2, 3 or 4 bonds. This experiment is however seldom applied towards 

mixture analysis. A third type of experiment is Heteronuclear Multiple Quantum Coherence (HMQC) 

[79], which gives the same correlations as HSQC, but involves a multiple-quantum evolution period. 

The use of this pulse sequence toward mixture analysis is questionable in the way that the J-coupling 

effect results in loss of spectral resolution due to peak broadening. This can make the component 

identification more complicated than necessary [80].  

2.3.4. Combined methods  

Many of the pulse sequences presented above can be combined in order to define 3D experiments and 

extract multiple pieces of information at the same time [81]. From the point of view of mixture analysis, 

the most powerful approaches are obtained with combined methods that edit 2D correlation experiments 

with respect to diffusion, relaxation and J-coupling. The approaches discussed in section 2.2 for 1D 

experiments can indeed be used to create multidimensional edited experiments. This gives rise to 

experiments such as DOSY COSY [28,29], DOSY TOCSY [30,31], DOSY HMQC [82],  2D-J-

DOSY [83], COSY iDOSY [84], constant-time-HSQC iDOSY [85], DQF COSY iDOSY [86] for the 

diffusion case, T2-edited COSY, TOCSY[53] and HSQC, and TOCSY-HMBC [87]. These experiments 

benefit at the same time from a simplification coming from differentiation in diffusion or relaxation but 

also from additional NMR information such a J-coupling and from the wider spectral range with 

heteronuclear experiments [19]. Figure 4 shows an example of DOSY-TOCSY on a mixture of 

methanol, ethanol, propanol, and valine. 
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 Combinations are also possible between an NMR method and another analytical technique [88]. 

Such hyphenation between complementarity methods is a powerful way to analyze complex mixtures. 

NMR spectroscopy can for example be associated to liquid chromatography to perform mixture analysis 

in an online, single-shot run. The samples are pre-separated in the column and directly transferred to the 

spectrometer, which serves as a detector. This type of experiments were first used for plant extract 

analysis and also have proven to be efficient for the analysis of biofluids in real-time, high throughput 

screening (HTS) identification of metabolites in hypertensive rats, the analysis of carotenoid in food or 

the chemical profiling of marine sponge extract [2,18,89 93]. 

 

Figure 4: [Left] TOCSY spectrum of a mixture of methanol, ethanol, propanol, and valine. [Right] Sub TOCSY 

spectra from the 3D Hadamard- encoded DOSY-TOCSY experiment on the same mixture at (a) 1.32, (b) 1.05, (c) 

0.89, and (d) 0.63  10-9 m2 s-1, corresponding to methanol, ethanol, propanol, and valine, respectively. These D 

values equalled within  2 % those determined by conventional DOSY experiments. The 1D 1H spectrum is shown 

at the top. Reprinted with permission from [31]   

2.4. Limitations and perspectives of NMR towards mixture 

analysis  

Among the methods presented in this section we have chosen to work on diffusion-ordered 

spectroscopy, a virtual chromatography experiment. Since it was introduced in 1992, DOSY has led to 

applications in many areas of research, and it still has a large potential for further developments and 

applications. DOSY shares the inherent drawback of multidimensional experiments, which is a duration 

that increases with the dimensionality of the experiment. Several hours and sometimes days may be 

required for the acquisition of a single spectrum. Sensitivity is also an intrinsic drawback of NMR as 

only a small fraction of the nuclear spins is effectively available for detection by the spectrometer, 
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according to the Boltzmann population of energy levels. The range of application of DOSY would 

expand with an increased speed and sensitivity. 

An example of area that would benefit from new developments of DOSY is the analysis of 

counterfeit drugs. Nowadays, the need for full analysis and characterization of mixtures, the regulation 

toward impurities in product stress the needs for sensitive methods that can give a complete information 

on a sample without omitting even the smallest compounds. For example, many efforts are made for 

limiting frauds in the pharmaceutical industry. Mass spectrometry is a widespread technique in quality 

control laboratories but not all components survive the rough conditions of the detection. Sometimes it 

is more interesting to observe a sample in its raw state without modification and NMR can comply with 

this constraint.  

Another area of application is the monitoring of experiments, to fully characterize a 

reaction mixture while it is evolving. Reaction mixtures are a particular case of mixtures that are 

constantly changing, and this dynamic behavior can be hard to follow without an in-situ method of 

analysis. This also applies to unstable compounds that degrade fast, or to the formation of metabolized 

products in vivo. Faster experiments are needed to follow evolving mixtures, but sensitivity is also 

required to detect low concentrated compounds, especially in in-vivo/biological applications. For these 

reasons, several fast-multidimensional NMR methods are being developed for the analysis of mixtures. 

In the following, several fast-analytical NMR methods will be described with a focus on DOSY 

experiments.   
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3. Diffusion NMR methods for spectral separation of small 

molecules mixtures  

Diffusion-ordered spectroscopy (DOSY) is a powerful method to separate the NMR spectra of 

components within a mixture [94 101]. Their differentiation is based on the measurement of 

translational diffusion coefficients, which are linked to the molecules size and shape [102], and with 

ideal conditions it is possible to differentiate compounds whose diffusion coefficients differ by less than 

1 %.  

3.1. Translational diffusion 

Molecules in solution undergo a translational motion with random reorientations called diffusion. The 

diffusion behavior depends on many parameters such as temperature, the size of molecules and 

viscosity, and is quantified with the translational diffusion coefficient, often noted D. For large 

molecules of spherical shape, the diffusion coefficient is given by the Stokes Einstein equation  

 

where kB T is the temperature, r the hydrodynamic radius of the molecule 

and  is the viscosity of the solution. This implies that molecules with high molecular weight will diffuse 

more slowly than molecules with low molecular weight.  

3.2. Diffusion encoding with pulsed field gradients  

Diffusion NMR pulse sequences rely on a pair of pulsed field gradients (PFG) separated by a long delay 

so that translational diffusion has an effect on the detected signal intensity [103]. When using an 

increasing range of gradient strength, the observed signal is found to decrease exponentially and can be 

modeled with the so-called Stejskal-Tanner equation (see below equation 3.5) to extract the diffusion 

coefficient for each peak in the spectrum.  

3.2.1. Gradient pulse description  

High-resolution NMR spectroscopy experiments are carried out in a static magnetic field B0 that is 

assumed to be homogeneous across the sample as illustrated in Figure 5a. However, a controlled 
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disruption of this homogeneity can be exploited to manipulate the magnetization over a short duration 

.  

 

Figure 5: Effect of a magnetic field gradient on the NMR spectrum. (a) Sample in a homogeneous magnetic field 

and magnetization helix during acquisition. The spectrum is a peak with a narrow line. (b) Sample in a linear 

magnetic field and magnetization helix during acquisition. The spectrum is a broad peak corresponding to the 

image of the observed region of sample.   

In particular, a magnetic field gradient G, which is a linear variation of the longitudinal component of 

the magnetic field, can be induced by a dedicated coil in the NMR probe [104]. The result is an overall 

field of the form:  

 

where z corresponds to the spatial coordinate of the spins along the B0 axis as shown in Figure 5b. Spins 

with a gyromagnetic ratio  will then have a precession frequency  

 

that is related to their position in the sample. As a result, the phase (z) acquired during the gradient 

pulse of duration  will also be spatially dependent:  

 

The effect of a gradient pulse can be visualized by considering that the sample is divided in several 

slices along the z-axis, with each slice possessing its own phase, precession frequency and magnetization 

vector. Since a pulsed field gradient results in position-dependent precession frequency, the transverse 

magnetization will acquire an helix pattern represented in Figure 5b [95,105,106]. After a PFG of 

sufficiently large area, the magnetization vectors cancel each other and the total observable signal is 

zero. This is in contrast to the case shown in Figure 5a, where Bz=B0 and all magnetization vectors are 

aligned since they have the same precession frequency, thus leading to full signal observation. Magnetic-

field gradients are also central for imaging experiments [107] . When applied during acquisition, they 

Figure 5b. Indeed, the broadened signal arises from the juxtaposed 
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contribution of each part of the sample. Figure 5 illustrates the case of a sample with a single chemical-

shift offset; cases with several chemical-shift offsets will be discussed later. 

A variety of gradient-pulse usages are found in NMR experiments, depending on the desired 

effect on the magnetization. PFGs are also combined with radio-frequency pulses in some pulse 

sequence elements. Frequently encountered blocks offer the possibility to perform coherence selection 

with little to no phase cycling, study molecular diffusion, remove artefactual signals, perform selective 

excitation or perform imaging experiments [108,109].  

3.2.2. Spin echo experiment 

The first diffusion experiment was based on a spin echo (SE) as illustrated in Figure 6. In the SE 

on in the xy plane then the application of a gradient 

pulse unwinds the helix to form an echo that gives an observable signal. Spin-echo based diffusion NMR 

is however limited because of the effect of transverse relaxation during the diffusion delay, as well as J 

modulation that causes peak distortion. Although strategies have been introduced to mitigate the effect 

of J modulation, spin-echo based methods are usually not the preferred implementation of diffusion 

NMR [110 112].  

 

Figure 6: Conventional DOSY Spin Echo (SE) pulse sequence.  

3.2.3. Stimulated echo experiment 

In order to reduce the deleterious effects of J modulation and transverse relaxation, a stimulated echo-

based experiment (STE) inv Figure 7, is used instead of the simple 

spin echo. With the STE sequence, spins spend a reduced time in the transver
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acquired phase to be of the form given in equation (3.4) The y-component of the magnetization is then 

stored along z-  the x component remains in the transverse 

plane and is suppressed with phase cycling or a spoiler gradient. As a result, the phase modulation is 

converted into an amplitude modulation. The magnetization is returned into the transverse plane by the 

third 9

the same (anti-echo) or an opposite sign (echo). This results in an observable signal, which is attenuated 

because of the displacement that occurs during the delay . 

 Longitudinal storage reduces the effect of J modulation. In addition, the magnetization to be 

subjected to longitudinal rather than transverse relaxation; as T1 is typically significantly greater than 

T2, longer diffusion delays can be used than in SE experiments. Only 50 % of the total signal is 

observable but it is the price to pay in order to get a spectrum with small artifacts.  

 Other phenomena that affect the diffusion data includes eddy currents and convection. The use 

of a longitudinal eddy current delay can help with minimizing the problem of eddy currents [28]. 

 

Figure 7: Conventional DOSY Stimulated Echo (STE) pulse sequence that includes bipolar gradient pulses and 

longitudinal eddy current delay. 

3.2.4.  Oneshot experiment 

Most applications of DOSY rely on a STE pulse sequence using bipolar gradient pulses, and between 8 

to 16 gradient increments are typically used to get a well-described diffusion curve. In addition, 8 scans 

or more are needed for each gradient increment, for the coherence transfer pathway (CTP) selection 

through phase cycling. This extensive phase cycling increases further the duration of the experiment 

even if it contributes to the good quality of acquired data. The Oneshot pulse sequence shown in Figure 

8 offers a solution to avoid using such phase cycling while maintaining the quality of the DOSY spectra. 

Phase cycling is supplemented 

pulse pair stimulated echo (BPPSTE) pulse sequence [109,113]. This imbalance suppresses the non-

transfer pathway 
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(CTP). Additional balancing gradient pulses are also used for maintaining lock signal stability. The 

Oneshot pulse sequence provides accurate diffusion measurements by using a single scan instead of 

sixteen per gradient increment although 4 scans may be used for clean results. The Stejskal-Tanner 

equation needs to be modified to take into account the effect of the coherence selection gradient on the 

diffusion attenuation.  

 

Figure 8: Radiofrequency (RF) and gradient (G) pulse sequences for DOSY. (a) Bipolar pulse pair stimulated 

echo (BPPSTE) sequence; (b) the proposed one-shot sequence using (solid line) the stimulated antiecho and 

(dotted line) the stimulated echo. The diffusion delay  is the time between the midpoints of the two diffusion-

encoding periods and  that between the midpoints of the antiphase field gradient pulses within a given diffusion-

encoding period. The outward/inward facing arrows indicate gradient pulses which are incremented/decremented 

as the diffusion weighting is changed. The gradient prepulses in (b) are most conveniently given a duration of 2 . 

Reprinted with permission from [113]  

3.3. Diffusion coefficient determination   

DOSY data are generated via incrementation of the gradient pulse area over a series of scans, so that the 

detected signal is made dependent on both the gradient area and the diffusion rate. Either the intensity, 

G, or the duration, , of the gradient is increased. After Fourier transformation, each spectrum generated 

for one gradient level is attenuated to some extent. The attenuation shows an exponential behavior as a 

function of the gradient area and each resonance will have its own decay rate. The signal attenuation 

can be expressed by the Stejskal-Tanner equation 
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 where S0 is the initial amplitude of the signal, D is the diffusion coefficient, G is the gradient intensity, 

 is the gyromagnetic ratio for the appropriate nucleus,  the gradient duration and the diffusion delay, 

corrected to take into account the finite nature of the gradient pulses [114]. Monoexponential fitting of 

the decaying signal for each peak to the Stejskal-Tanner equation yields the associated diffusion 

coefficient D. Resonances can then be sorted according to the value of the diffusion coefficient.  

 Diffusion-encoding experiments can be prepended or appended to many nD spectroscopic 

experiments. Appropriate data processing then gives a (n+1)D spectrum with n chemical shift axes and 

an additional diffusion axis. In a classic 2D DOSY display, the first dimension corresponds to the 1D 

NMR spectrum of the sample and the second dimension corresponds to the diffusion coefficient; peaks 

from the same molecule are aligned along the corresponding value of the diffusion coefficient 

 Data processing methods for DOSY can be sorted between univariate and multivariate methods, 

with many of them implemented in the open DOSYToolbox, recently extended to GNAT, which greatly 

facilitates the analysis of DOSY data as illustrated in Figure 9 [51,115 128].   

 

Figure 9: DOSYToolbox view to illustrate the processing of DOSY data.  

Applications of the DOSY experiment are found in polymer determination of molecular weight [32

34,129 132], in a quantitative manner to quantify sucrose in beverage [133], study of reactive metal 

complexes  [134 136], study of chemical intermediates [137], ligand identification [138] or determining 

chemical exchange rate [139]. 
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3.4. Typical issues with DOSY data and how to resolve them 

3.4.1. Signal overlap 

DOSY data need to be acquired with the highest sensitivity and spectral resolution as possible [105,140]. 

The separation of compounds in the diffusion dimension depends strongly on resolution. Indeed, 

diffusion measurement is based on signal decay of resonances in the spectrum. In the ideal situation, the 

resonances are completely resolved in the spectrum and one can consider that each resonance arise from 

a given compound. Mono-exponential fitting of e

calculated diffusion coefficients should be the same for all resonances arising from a single molecule. 

For very crowded mixtures, signal overlap will be an issue as it will decrease the accuracy of diffusion 

coefficient calculations. In this case, resonances coming from two or more compounds can be 

completely or partially superimposed in the spectral dimension. It entails that the decay of theses 

resonances can no longer be assigned to a single compound and the mono-

an accurate value but an average value of the real diffusion coefficient. This can lead to erroneous 

assignments of signal and a complicated DOSY display. Multi-exponential fitting can be a solution but 

it is only able to separate diffusion coefficients when they differ by more than 30 %  [141,142], while 

advanced data processing can also be used [143,144] to reduce overlap or improve the separation of 

overlapped peaks. When spectral resolution is not sufficient with 1D NMR, using an additional 

dimension is another option, which however results in a longer experimental time [31,84,145 150].  

 Another issue is found when components are close in shape, size, molecular weight such as 

isomers so it can be useful to add some complementary compounds that will interact specifically with 

one component to help the separation. It is a sort of forced/artificial difference between molecules. 

Matrix assisted DOSY (MAD)  relies on this principle and it has been exploited in order to distinguish 

between flavonoids that have similar structures [151 153]. The solvent also have an effect, which was 

found to help in the separation of isomers as suggested by Tessari in this study of DOSY in MeOD 

[154], while the use of lanthanide shift reagents was shown to increase resolution in both the spectral 

and the diffusion dimension [155]. 
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Figure 10: Fig. 2 (a) DOSY presentation of an equimolar mixture of toluene, benzyl alcohol and tetraethylene 

glycol in D2O. (b) Shows the same mixture in the presence of 150 mM SDS. Reprinted with permission from Morris 

et al., Anal. Chem., 66 (1994) 211 215. Copyright 1994 American Chemical Society 

3.4.2. Eddy currents 

Eddy current originates from rapid changes in magnetic field and they depend on the gradient pulse 

strength. They will induce lineshape distortions, artefacts, shifts in the main magnetic field and basically 

everything that can ruin your experiment, especially when using many gradients pulses which is the case 

for DOSY [156]. Reducing the impact of eddy currents can be done by mean of RF and gradient coil 

design, e.g., with shaped gradient pulses that have smooth on/off switching rate, using bipolar gradient 

pulses or the use of a LED delay at the end of the pulse sequence to let the eddy current vanish (the 

magnetiz

pulse for acquisition).  

3.4.3. Convection caused by temperature gradients  

Temperature gradients through the sample induce convection currents, which are a serious disturbance 

that affects diffusion measurements [157 161]. The two main forms of convection known are the 

Rayleigh- rnard one and the Hadley flow [162]. The first form occurs when vertical temperature 

gradients are present, that is to say when the hotter part on the liquid moves upward while the cooler 

part is moving in the opposite direction. The second form occurs when transverse temperature gradients 
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are present. The former is present above a certain threshold that is defined according to the sample 

geometry, the viscosity and thermal properties of the liquid. The latter does not depend on a critical 

value and tends to be present in all typical liquid state NMR experiment. Temperature gradients are 

basically unavoidable and they come from multiple sources such as radiofrequency heating, differential 

heating of the outside of the probe by shim coils, but the greatest culprit of gradient temperature is the 

gas flow used to control the sample temperature. For this reason, temperature gradients need to be 

reduced as much a possible because convection can lead to significant loss of signal and overestimated 

diffusion coefficient values since the signal appears to decay faster than it should. 

 

Figure 11:Echo signal attenuation as a function of the gradient strength G2 for (+) a simple Stejskal-Tanner 

diffusion experiment on a sample of 0.06% polypropylene in tetratchloroethan-d2 a 320K and (o) using a 

convection compensated DSTE experiment. Reprinted with permission from [163]

Press. 

Two perspectives against convection issue can be explored [164]. The first is related to experimental 

conditions adjustment. It has been shown that either reducing the NMR tube diameter, increasing the 

gas flow to make temperature more uniform, restraining the sample volume with Shigemi tubes or 

spinning the sample results in decreased convection effect. 

The second approach to deal with convection is to make use of pulse sequences that are 

specifically designed to compensate for the convective flow as long as this flow is considered laminar 

during the diffusion period of the experiment [165]. In practice, as proposed by Jerschow and Muller 

[166,167], the diffusion weighting proceeds in two symmetrical steps rather than a single one. Since 

convection motion causes further phase shift of the magnetization on top of the one induced by the 

random Brownian motion we seek to evaluate, the aim is to impart opposite convection-induced phase 

shift in each half of the pulse sequence that will cancel each other out. Compensation of the velocity 

induced phase term is obtained in a way that the diffusion effect is cumulative at the end of the pulse 



 

 

48 

sequence. The convection compensative ability however comes at the expense of sensitivity since each 

STE part induce 50 % of signal loss.  

3.4.4. Gradient field non-linearity 

It appears that sources of error are everywhere and threaten the successful completion of the DOSY 

experiment. An insidious enemy is the gradient pulse itself which is key to measure diffusion coefficient 

but it is necessary to keep in mind that a gradient pulse is far away from being perfect [168]. It is a 

-uniformity

especially on the edges. To deal with this non-linearity it is possible to map the position dependent 

gradient strength [164,169]. Another approach consists in using a restricted sample volume, e.g., with a 

Shigemi tube, to record data from a region over which the gradient has a more uniform value.  

 

Figure 12: Results from the Stejskal Tanner experiment using a gradient during the acquisition from a Varian 

standard doped water sample (1 % H2O in D2O  1 mg/ml GdCl3 ) at 600 MHz. The slope of the profile is steepest 

in the middle of the sample where the gradient is the strongest. The current through the gradient coil was arrayed 

in 60 steps between 0 and circa 10 A. Reprinted with permission from[169]

All rights of reproduction in any form reserved. 

3.5. Conclusions 

From this analysis of the literature, we can see that the DOSY NMR methods was applied in many fields 

for mixture analysis. The main feature underlying the DOSY experiment were presented and this will 

serve as a basis to understand where we can modify the experiment in order to accelerate it. Various 

schemes were presented and will be also evaluated in order to create fast DOSY experiment. Several 

sources of errors were presented and it is important that we keep them in mind because chances are high 

that we may be confronted with them all along the project. We know the ways of correcting for these 

sources of errors and we will see if they are compatible with fast DOSY experiments.   
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4. Acceleration strategies for DOSY  

Pulsed field gradient NMR is frequently used to characterize the translational motion of molecules in 

solution [114]. As explained in section 3, this methodology relies on a gradient incremented scheme in 

order to induce a diffusion-weighted signal. The recording of multiples gradient increments (at least 5 

for relatively simple mixtures) over time results in a long acquisition duration, which can be detrimental 

for rapidly changing samples. Various strategies have been proposed to reduce the duration of diffusion 

experiments [35]. These approaches may be divided into different categories depending on the encoding 

strategy used. Here we consider three types of methods that reduce the number of required scans to one, 

based on multiple gradients pulses, on multiple RF pulses, and on spatial encoding. We also describe 

other strategies, which require multiple scans but still provide a significant reduction of the duration of 

DOSY experiments. 

4.1. Multiple echoes induced by trains of gradients pulses  

Efforts to accelerate the traditional PFG NMR experiment, which relies on a series of scans with 

incremented diffusion weighting, started with experiments that record series of diffusion modulated 

echoes in a single transient, using trains of gradient pulses.  

 

Figure 13: CPMG-based PGSE methods for measuring D in a single multiple-echo transient. A, the PGMSE 

method [170]; and B, the method of Chandrakumar et al [171]. For A the gradient amplitude is increased 

systematically, while for B it is constant. Reprinted with permission from [35] s 

Pulsed field-gradient multiple spin-echo (PGMSE) [170] and fast multi-spin-echo diffusion sequences 

(FAMOUS) [171] both derive from the Carr-Purcell-Meiboom-Gill (CPMG) experiment as shown in 

Figure 13. In the case of PGMSE, the amplitude of the gradient pulse pair is incremented from one echo 

to another. Diffusion coefficients are extracted from the amplitude ratio between two successive echoes, 

plotted against the gradient area. In the case of FAMOUS, the amplitude of the gradient pulse pair is 
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kept constant, and diffusion results in an additional line broadening of the peak obtained after Fourier 

transform of the signal sampled at the top of the echoes. This implies that two experiments need to be 

recorded, with and without diffusion encoding, to separate the contribution of relaxation and diffusion. 

These methods are designed for a single resonance and can be combined with a spectrally selective 

excitation pulse [171]. 

 

Figure 14: The proposed Difftrain pulse sequence, schematic (upper) and detailed (lower). ta is the acquisition 

time and  is the diffusion delay. In the implementation of the Difftrain experiment, the same phase cycle as in 

previous BPPSTE implementations was used. Reprinted with permission from [172] 

Academic Press 

The Difftrain pulse sequence, illustrated in Figure 14, is based on a stimulated echo and performs 

Multiple decoding steps are then carried out in a single scan, with the repetition of a block consisting of 

a small-tip-angle pulse followed by a bipolar gradient and signal acquisition [172]. Each block provides 

an echo signal, acquired with a diffusion time that increases from one echo to the next. After each echo, 

a spoiler is used to diphase any remaining transverse magnetization. As the decay of the signal is 

impacted by diffusion but also impacted by loss due to T1, it is necessary to record two transients with 

and without diffusion gradient on. The Difftrain approach conserves chemical shift information and can 

in principle be used for high-resolution DOSY, although reported applications concern the analysis of 

unstable heterogeneous systems  

Fast diffusion experiments can also be performed by measuring with a train of bipolar gradients, 

are refocused in the middle of the train [173]. Chemical-shift resolution is preserved to some extent, and 

again transverse relaxation has to be taken into account in the analysis.  
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To the best of our knowledge, the presented methods have not been used for applications in 

mixture analysis. Other applications include the use of PGMSE was used to analyse hydrated collagen 

[174], measurements of time dependent diffusion of laser polarized xenon gas [175] and imaging 

experiments [176]. These methods also have potential applications for the evaluation of macroscopic 

motion and the measurement of anisotropic diffusion effects, especially for in vivo applications [170]. 

FAMOUS was used for intercluster interaction [177] and the study of lyotropic system [178], while 

Difftrain was used to characterise thermodynamically unstable oil-water emulsions [179]. 

4.2. Multiple echoes induced by trains of RF pulses 

Another family of pulse sequences relies on a train of RF pulses to generate a large number of echoes 

with different degrees of diffusion weighting. The DANTE (Delays Alternating with Nutations for 

Tailored Excitation) block, which is a selective excitation scheme, is the foundation of theses pulse 

sequences [180,181]. It consists in a series of low flip-angle RF pulses and is combined with a constant 

gradient pulse in order to induce a train of echoes. This type of RF pulse train was employed for diffusion 

measurement with the BURST pulse sequence shown in Figure 15 even though it was initially made for 

imaging experiments [182]. The acquisition is performed under a read gradient to unravel the echoes 

generated by the RF pulses  

 

Figure 15: Pulse-sequence diagram describing the basic spin-echo Burst pulse sequence used for measuring 

diffusion coefficients. A read gradient is switched on and the sample excited by means of a train of very low 

es. The 180  pulse and the second gradient refocus a series of echoes, one corresponding 

to each pulse, and the delays are arranged so that the spin and gradient echoes coincide. Reprinted with 

permission from [182]  

The DANTE-STE [183] sequence of Figure 16 was used for diffusion measurements of laser 

polarized 3He and 129Xe gas and the difference with the BURST previously described is found within 

2 effect and within the acquisition part were pulses 

are used to generate multiple train of stimulated echoes with different diffusion durations.   
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Figure 16: Pulse sequence and k-space trajectories. The principle pathways in bold are the only ones to survive 

in the small flip angle limit and form echoes following the readout pulse. Using this sequence, the full diffusive 

behavior of a sample can be read out in a single shot provided there is sufficient SNR. Reprinted with permission 

from [183]  

The Multiple Modulation Multiple Echoes (MMME) [184] represented in Figure 17 also exploits a train 

of RF pulses but this time with varying tip angles. The gradient is maintained during the whole pulse 

sequence, and this generates several coherence pathways that are used to calculate diffusion coefficient. 

The MMME sequence has been applied for diffusion measurement in several direction at the same time, 

to characterise anisotropic systems [185]. 

 

Figure 17: MMME4 pulse sequence [184] used to measure D in a single transient. Reprinted with permission from 

[35]  

In these methods, as the gradient is turned on during the whole pulse sequence, hardware constraints set 

the maximum duration of the experiment and the gradient strength used. Also, the use of small-tip-angle 

pulses results in a low sensitivity. Notably, BURST and DANTE-

for accurate measurement of diffusion coefficients. Since these methods do not provide spectral 

resolution, few applications to the analysis of mixtures have been reported.  
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4.3. Spatial encoding 

Another approach to accelerate diffusion NMR experiments consists of using a spatial parallelization of 

the gradient increments, which gives a spatial encoding of the diffusion dimension. The concept of 

spatial encoding was introduced in 2002 by Frydman and co-workers, with experiments where the 

chemical-shift information is encoded spatially [38,186 189]. Spatial encoding can be adapted for most 

2D NMR pulse sequences and has led to many applications [39,40,190,191]. It relies on the partitioning 

dimension of the 2D experiment. Keeler, Morris and co-workers independently introduced the spatial 

parallelization of gradient increments for DOSY experiments [41], a concept that was later revisited by 

Frydman and co-workers [42]. The spatially encoded information is read out with a spectroscopic 

imaging scheme, for which two options have been described. Keeler and co-workers have used a weak 

acquisition gradient that yields a spatial profile in the lineshape of the peaks in a 1D spectrum (hence 

the name of the proposed method: 1D DOSY shown in Figure 18) [41,192], while Shrot and Frydman 

have proposed the use of echo-planar spectroscopic imaging, which gives spatial profiles in an 

orthogonal dimension, which is illustrated in Figure 19 [42].  

 

Figure 18: Detailed 1D DOSY pulse sequence. The period a ensures that all parts of the sample receive some 

degree of dephasing; two periods of gradient evolution b are included before and after the frequency-swept pulses, 

so as to reject coherence transfer pathways that result from imperfections in the sweeps; period c rejects 

magnetization that is transverse during the longitudinal delay; d is a ramping period for the gradient pulses; 

finally, the additional gradient period of duration tp ensures that every position in the sample receives a different 

diffusion weighting. Gd, Gr and  are respectively the encoding gradients, the acquisition gradient and the 

diffusion delay. Reprinted with permission from [41]  

Spatial encoding is achieved by combining chirp pulses with gradient pulses [193,194]. Chirp pulses are 

radio-frequency (RF) pulses, the frequency of which changes linearly as a function of time: 

with . R is the rate of the sweep, Te the chirp duration, Oi is the initial frequency and 

BW the total frequency range swept by the pulse [187]. At a given time, the pulse has a specific 

frequency value. Spins that have a resonance frequency close to this value will then flip under the effect 
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of the pulse. Since magnetic-field gradient induce a position-dependent frequency  for the spins 

precessing at , the chirp pulse will act match , at a time .   

As a result, spins are flipped sequentially from one extremity of the sample to another. The flip is 

assumed to be instantaneous and ineffective for . The phase acquired after the chirp swept 

is quadratic, and of the form  

 

 where L is the length of the swept region, defined by . 1 To get an observable signal, the 

quadratic phase created needs to be fully refocused so a second, identical chirp pulse is applied under a 

gradient of the same sign. In diffusion experiments, the second chirp pulse combined with a gradient is 

incorporated at the end of  delay. What is left is a magnetization whose attenuation, due to spin 

displacement during the diffusion delay, is position-dependent. It can be described as 

 

 Where  . Different part of the sample experiences a different degree of attenuation 

during  as the effective gradient strength that affect the spins increases linearly from one extremity of 

the sample to another. The diffusion information is encoded along the observed region of the sample.  

 

Figure 19: Comparison between conventional (A) and ultrafast (B) 2D DOSY experiments based on pulsed-

gradient spin-echo sequences. Diffusion in (A) is encoded via the incrementation of G-values throughout separate 

scans; this can be carried out with full refocusing of coherent evolutions by applying a central p pulse and 

reversing the relative signs of the gradient pulses (right). In (B) this encoding proceeds by imparting spatially- 

dependent q-values throughout an otherwise homogeneous sample. Without a central refocusing p pulse (left) the 

directions of the two spatially-encoding pulses need to be identical in order to cancel each other out; if a central 

refocusing p pulse is employed then the senses of the two p pulses need to be reversed (right). In either case, the 

                                                      
1 The quadratic phase can also be generated with a non-linear gradient pulse although it is not a practical solution 
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-out this indirect-domain encoding, without compromising 

the direct-domain spectral resolution. Reprinted with permission from [42]Copyri  

The methods described by the Frydman and Keeler groups are similar considering the fact that they use 

a spatial encoding block to encode diffusion. These strategies differ from one another by the acquisition 

block used to recover both spatial and spectral information in a single scan. Indeed, 1D DOSY is 

characterized by signal acquisition under a weak read gradient (less than 0.1 % of the maximal value) 

whereas single-scan 2D DOSY uses an EPSI (Echo-Planar Spectroscopic Imaging) train of bipolar 

gradient pulses. In the case of EPSI, the spatial dimension is obtained with one readout gradient and the 

spectroscopic dimension is generated by N pairs of bipolar gradients. Fourier transformation in both 

dimensions gives images of the sample for each chemical shift offset. The diffusion profile is observed 

in the spatial profile for each peak. In the case of the one-dimensional DOSY, a weak read gradient is 

applied during the acquisition and it will induce a broadening of the signal along the chemical shift axis. 

The peaks are diffusion weighted images of the observed region of the sample and reflect the effect of 

the gradient strength throughout the sample. These methods were successfully applied to separate 

compounds of a mixture even though a decrease in resolution and in SNR are a limitation. A recent 

development that exploits a spatial encoding of the diffusion dimension, is ultrafast Laplace NMR 

[195,196]. In UF LNMR, diffusion and relaxation properties are correlated, with applications in the 

analysis of heterogeneous samples. 

4.4. Accelerated multi-scan DOSY 

In this section we describe several methods that are based on an incremented gradient area across a 

series of independent scans, but with a reduced experiment duration compared to the standard method.  

 With the Oneshot experiment, phase cycling is circumvented and this significantly reduces the 

experiment duration, as it is no longer necessary to perform the 16 scans per gradient increment [113]. 

The selection of the desired coherence transfer pathway (CTP), that is to say the type of coherence order 

that will remain until the end of the pulse sequence and contribute to the final spectrum, is achieved 

using unbalanced gradients pulses. The Stejskal Tanner equation is then modified to account for the 

contribution of the CTP-selection gradients. The pulse sequence scheme can be seen in figure 4 of 

section 3. 

Another approach to reduce the total experiment duration is to reduce the delay between 

consecutive scans, using for example the Band-selective Excitation Short-Transient (BEST) method, 

which for biomacromolecules yields an effective longitudinal relaxation time that can be 3 to 5 time 

shorter than the actual T1 value [197]. This approach has been used in an example of 3D-BEST DOSY 

[37].  
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For 3D experiments, the total number of increments can be reduced, e.g., with a joint sparse 

sampling of the indirect time and diffusion dimensions as illustrated by Figure 20. This was 

demonstrated with a 3D CT HSQC iDOSY experiment [36]. Randomly selected values of t1 and g are 

recorded, and the data is reconstructed with the ITAMeD algorithm. The 3D experiment can be acquired 

in the time required for a 2D, without sacrificing resolution. Another approach to reduce the number of 

increments is to co-increment the t1 and g variables, using the Accordion strategy [198] [199].  

 

Figure 20: Joint sparse sampling of the time and gradient domains in diffusion-ordered NMR spectroscopy. 

Reprinted with permission from [36] -VCH Verlag GmbH & Co. KGaA, Weinheim. 

4.5. Conclusions 

Various strategies for the acceleration of DOSY were presented and the methods involve either 

modification of the encoding parts of the experiment, modification of the acquisition part of the 

experiment or both. The methods based on multiple gradients pulses seems to be strongly impacted by 

additional signal loss due to relaxation so two transients are required and the method based on multiple 

RF pulses do not provide spectral resolution and suffer from severe sensitivity issue. Among all the 

methods described, the one that seems to be the most promising and compatible with our objectives is 

the spatial encoding strategy that provides DOSY data in less than one seconds. These methods were 

successfully applied to separate compounds of a mixture and will be further described, analyzed and 

compared in sections 6 and 8. Compared to the other ones, this strategy of acceleration was generalized 

for many other pulse sequences apart from DOSY so its applicability seems to be general and we want 

to explore it for DOSY. Perspectives for methodological development with this approach are high.   
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5. Addressing sensitivity limitations in liquid-state NMR of 

mixtures  

NMR spectroscopy suffers from a low sensitivity that is due to the small population difference between 

nuclear spin states. Much efforts have been made in order to increase this sensitivity with novel 

instruments, experiments and sample preparation [43]. This section describes the origin of low 

sensitivity of liquid state NMR, and presents several means to address this drawback, including recent 

developments that provide increased levels of polarization.  

5.1. The sensitivity problem of NMR  

The most commonly studied nuclei in NMR spectroscopy are 1H, 13C, 15N, 19F, and 31P. These nuclei 

possess two quantified spins states with a nuclear spin quantum number I = l/2. When immersed in a 

magnetic field, the spin populations will be distributed between the two states, with an excess of spin in 

favour of the alignment along the field. The relative number of spins in the up and down levels 

(respectively  and ) at thermal equilibrium are given by the Boltzmann distribution:  

 

where is the gyromagnetic ratio, k T is the temperature and B0 is the main 

magnetic field. This distribution is dependent on magnetic field and temperature. It is the difference 

between the populations of those spin states that is detectable by the NMR spectrometer. For example, 

for a sample placed in a 18.7 T magnetic field at room temperature (300 K) this ratio is equal to 

0.999872. It means that if there are 1,000,000 nuclei in the upper energy state there are 1,000,128 nuclei 

in the lower energy state. This is why the sensitivity of NMR spectroscopy is limited. Indeed, only this 

small excess in the lower energy state is detected by the spectrometer after excitation. The remaining 

parts of the populations will compensate each other. The relative population difference is defined as the 

nuclear polarization level, which is given by:  

This polarization level tends to be very small  in our example it would be equal to 0.006%. This is a 

principal reason for the limited sensitivity of NMR spectroscopy. 

Many instrumental developments as well as signal processing and acquisition strategies were 

developed and contributed to the increase in sensitivity. A main approach to increase polarisation levels 

and in turn sensitivity consists in increasing the value of the static magnetic field B0. This has led to a 

race for higher and higher magnetic field culminating in the upcoming release of a 28 T high-resolution 
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NMR spectrometer. While polarisation levels scale linearly with B0 in the high-temperature limit, as 

illustrated in Figure 21, sensitivity measured as the signal-to-noise ratio (SNR), scales as:  

 

  

Figure 21 -2018 Hans J. 

Reich, All Rights Reserved. [200] 

In terms of instruments, other developments include the design of the receiver coils, shimming 

technology, and the use of cryogenically cooled probes. All of these optimizations combined together 

led to better sensitivity and better lineshapes. Decreasing the signal linewidth lead to higher peaks hence 

higher signal to noise ratio since it is related to the signal peak height. Sensitivity can also be increased 

by appropriate sample preparation. Isotopic labelling can be performed in the case of nuclei with low 

natural abundance, although it is not applicable to arbitrary molecules. The use of NMR tubes with 

magnetic susceptibility (Shigemi tubes) matched to that of the solvent makes it possible to reduce the 

sample volume, and thus increase the concentration for mass-limited samples. Smaller NMR tubes, and 

coils with a smaller diameter can also be used to analyze very small amounts of sample. Pulse sequences 

have also been developed, which provide an increased sensitivity. They are commonly used to study 

nuclei other than 1H that possess smaller abundance hence are quite insensitive. The INEPT (Insensitive 

Nuclei Enhanced by Polarization Transfer) pulse sequence transfers magnetization from 1H to a 

heteronucleus, provided that a scalar coupling exists between the nuclei. The Heteronuclear NOE 

(Nuclear Overhauser Effect) is also used to increase the sensitivity for nuclei with close spatial 

proximity. Signal averaging during the course of the experiment improve the SNR of a factor , where 

n is the number of signals averaged. 

 Taken together, all of these improvements have led to significant increases in sensitivity, 

especially since they are commonly combined. However, even larger increases can be obtained by taking 

nuclear spin populations far from their thermal equilibrium values.  
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5.2. Hyperpolarization strategies  

Several methods have been developed to obtain strongly polarized nuclei, with polarization level closer 

to 1. One can cite brute force  hyperpolarization at ultralow temperature (mK regime) and high field 

(14 T) [201], Spin-Exchange Optical Pumping (SEOP), Para-Hydrogen-Induced Polarization (PHIP) 

method and its variation Signal Amplification By Reversible Exchange (SABRE), and Dynamic Nuclear 

Polarization (DNP). Here we will present the DNP and SABRE methods, that have led to the most 

promising results so far for mixture analysis.  

5.2.1. D-DNP 

Dissolution dynamic nuclear polarization (D-DNP) is a hyperpolarization method that provides signal 

enhancement up to 50 000 for solution-state NMR [45 48]. This popular method is based on transferring 

some electron polarization to the nuclei of interest. The sample needs to be prepared with a solvent 

mixture that will form a glass when frozen at liquid helium temperatures (between 1.2 and 4 K), and a 

polarizing agent that contains a paramagnetic radical. The most commonly used solvent mixture consists 

of glycerol and a mix of deuterated and undeuterated water. The main polarizing agents are trytil 

radicals, for the direct polarisation of heteronuclei, as well as TEMPOL, used to polarise protons. The 

polarization transfer occurs upon microwaves irradiations. The sample is then dissolved with a super-

heated solvent and quickly transferred to a high field spectrometer via capillaries to perform liquid state 

NMR experiments.   

The major downside of D-DNP experiment is that the amplified signal lasts only for short time, 

T1. This means that, after thawing of the 

frozen hyperpolarized sample, the transfer time needs to be as short as possible so that not all of the 

signal is gone when the sample arrives in the high field spectrometer. This transfer time should be shorter 

that T1 and typical apparatus provide 5 to 10 s for transfer, while fast injection methods operate in about 

one second [202,203]. Several methods have been developed to preserve the polarization once the 

sample is in the liquid state. This can be done by removing the remaining free radicals in the solution 

by using scavenger such as sodium ascorbate. This is because radicals, as they are paramagnetic, tend 

to further reduce the T1 of nuclei thus increasing the decay rate of the amplified signal. Another strategy 

consists in using long-lived nuclear spin states that originate from system with nuclear spin states 

delocalized over two or more spins [204,205]. Pulse sequence are also designed to preserve the 

magnetization for a sufficient duration, notably using small tip angle excitation pulses, and refocusing 

pulses that are insensitive to calibration errors. The short lifetime of the polarization, together with its 

non-renewable nature, also has an effect on the range of experiments that can be performed and running 
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experiments other than 1D a real challenge [206]. Improvement of the polarization of other nuclei than 
1H can be done by cross polarization strategies. Indeed 1H polarization level is high and reached very 

quickly compare to 13C for example. This is because of its high magnetogyric ratio. Additional T1 is 

very short so it can be better to observe 13C that have a longer T1 (especially quaternary carbons). 

However, they tend to have lower polarization level. By polarizing 1H first then transferring this 

polarization to 13C via CP, on can significantly increase 13C polarization in a short amount of time 

[207,208]. 

 

Figure 22: (a) Signals of 13C NMR of 50 L of a 3 M frozen solution of 1-13C-enriched sodium acetate in a 

deuterated water/ethanol mixture (67:33 v/v) doped with 50 mM TEMPO measured without CP (blue) at thermal 

equilibrium (T = 4.2 K and B0 = 6.7 T, scaled by a factor 100) and with CP-DNP (red) (P w = 120 mW at f w = 

188.3 GHz). (b) 13C DNP buildup with (red) and without (gray) CP measured every 30 s with  

was performed every 240 s. (c) The dissolution and transfer process require tdiss = 10.7 s. (d) Relaxation of 13C 

in solution at T = 300 K after transfer to a magnetic field B0 = 7.05 T, measured with  

intervals. (e) Signals of 1-13C sodium acetate immediately after dissolution (red) and at thermal equilibrium (blue, 

scaled by a factor 2048) ]. Reprinted with permission from [207] . 

5.2.2. SABRE 

The Signal Amplification by Reversible Exchange (SABRE) method consists in a transfer of spin order 

from parahydrogen to the substrate [49,50], mediated in a metal complex. Dihydrogen molecules exist 

as two spin isomers. The ortho isomer is characterized by a symmetric triplet spin state while the para 

isomer possesses an antisymmetric singlet spin state. At room temperature and thermal equilibrium, the 

ortho/para distribution is close to 75/25. Conversion from one form to another (ortho to para) is also 

very slow because of symmetry restrictions. The ortho/para distribution can be shifted towards the para 

form by taking dihydrogen gas at low temperature and using a paramagnetic catalyst. If the gas is flowed 

through a catalyst such as ferrous oxide at liquid nitrogen temperature (77 K), this will ensure an 
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approximately 50/50 distribution. Higher conversion levels can be achieved by going to lower 

temperatures as shown on Figure 23. The para state can be preserved for several hours or even days 

when returning at room temperature, provided that no paramagnetic impurity is present.    

 

Figure 23: Calculated change with temperature of the percentage of parahydrogen in an equilibrium mixture of 

ortho- and parahydrogen gas. Reprinted with permission from [209] 

reserved. 

Parahydrogen can be exploited as a source of nuclear polarization in several ways [209,210]. In the 

original PHIP methods called ALTADENA and PASADENA, p-H2 is added to unsaturated organic 

molecules via catalytic hydrogenation. This approach provides very high signal enhancements but it 

also transforms the substrate and requires a hydrogenable bond. The SABRE alternative [211,212] is 

gentler and does not alter the integrity of the substrate.  

The SABRE process relies on the formation of a temporary intermediate complex formed by 

parahydrogen, the substrate and a metal catalyst. As the three partners belong to the same complex, the 

symmetry of p-H2 is broken and spontaneous transfer of magnetization occurs. The polarization step is 

performed at low magnetic field outside the spectrometer [213,214]. The chemical environment 

experienced by the two protons upon hydrogenation breaks the singlet symmetry and renders the spin 

system detectable by NMR. The complex is then dissociated releasing the hyperpolarized substrates 

[215]. Catalyst frequently used are [Ir(COD)(IMes)Cl], C1, or [Ir(COD)(PCy3)Cl], C2, (COD= 

cyclooctadiene, PCy3= tricyclohexyl phosphine, IMes= 1,3-bis(2,4,6-trimethylphenyl)imidazole-2-

ylidene) which are iridium complexes with either phosphine or carbene ligands [213,216]. It has been 

demonstrated that C1 is a better catalyst than C2 [212]. Note that the study of low concentrated mixture 

requires the use of a co-substrate [217]. Indeed, when the concentration of substrate, S, ligand decreases 

(S to C1 ration below 3:1), the signal enhancement decreases as well because the solvent competes with 

the analyte for biding to the catalyst. When the solvent is bound to the catalyst, the later becomes 

inactivated, e.g. [Ir(IMes)(H)2(S)2MeOH]Cl is formed. The co-substrate is here to restore the catalyst 

activity by preventing the solvent from binding to the catalyst.  
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Figure 24:Schematic representation of spin order transfer from p-H2 to py and resulting proton hyperpolarization 

of py both bound and free in solution. Reprinted with permission from [217] 

Society. 

SABRE, in its most common implementation, is an ex-situ method and once in the detection magnet the 

enhanced signal last for few seconds depending on the longitudinal relaxation time T1. This approach 

grant high level of polarization at low cost as the population difference between spins states can be 

increased several orders of magnitude. Polarization level strongly depends on the substrate and H2 rate 

constant, the concentration of the reagents and the strength of the magnetic field where the transfer takes 

place.  

Importantly, the SABRE process can be repeated on the same sample, provided that fresh 

parahydrogen is available. While the simplest implementation relies on a batch of parahydrogen and 

manual sample shaking, flow approaches have also been developed. These make it possible to carry out 

multi-scan experiments with SABRE [218]. 

5.2.3. Applications for mixture analysis  

The main applications of hyperpolarized NMR are found for in vivo studies such as metabolic activity 

in tissues studied with hyperpolarized pyruvate, or real-time enzyme kinetics with hyperpolarized sugars 

[219,220]. The study of biosynthetic pathways, the detection of low-populated reaction intermediates 

and of protein ligand interactions have also been reported [219 221]. Application of DNP strategy for 

mixture analysis was recently done in the case of plant extract [46] and metabolic mixture studies [222]. 

Diffusion experiment were performed on acetylation reaction of amino acids, however, the diffusion 

measurement is impacted by continuous signal loss due to T1 [206,223]. Other diffusion measurement 

with DNP that use a more efficient injector system was also published [202]. SABRE is mainly used for 

nitrogen-based molecules but applications are also found with small molecules such as peptides 

[217,224,225]. Recently use of SABRE method was published for DOSY experiment using an inflow 
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approach [218]. The challenge is to get rid of convection effect which is always present and quite severe 

in this kind of experiment. Application for chemosensing in natural extracts was also published [225]. 

In vivo application of DNP need of non-toxic particles such a nanodiamond as a source of electron/ 

polarizing agent was also documented [226]. 

 

Figure 25: 1H 13C HMBC-type spectra of extracts of SKBR3 human breast cancer cell lines. (a) Conventional 

HMBC spectrum, recorded in 13 h 42 min at 500 MHz with a cryogenic probe, on a partially enriched extract (ca. 

2O. (b) Hyperpolarized single- scan spectrum. The cell extract 

2O/D2O/glycerol-d8 (2 : 3 : 5) with 25 mM TEMPOL and polarized for 

30 min at 1.2 K and 6.7 T, and finally dissolved with 5 mL D2

was injected in a 500 MHz spectrometer equipped with a cryogenic probe where the spectrum was recorded in a 

single scan. (c) Same as (b), but with a natural abundance extract (ca. 113 million cells) obtained from the same 

SKBR3 cell line. Ace: acetate; Ala: alanine; GABA: -aminobutyrate; Gln: glutamine; Glu: glutamate; Gly: 

glycine; Lac: lactate. Experimental details ar [46]Copyright 

 

5.2.4. Limitations  

Both SABRE and D-DNP provide high levels of polarization for a wide range of molecules. Protocols 

are quite different and are note operated over the same duration range. In terms of cost the SABRE is a 

relatively cheap option compared to DNP. SABRE appear to be limited since it is only possible to 

polarise certain classes of compounds even if progress where made to extend the substrate range [227]. 

Hyperpolarization of nuclei other than 1H is also possible, either relayed by 1H polarisation of directly 

[205,227]. As we said previously, T1 is the main limiting factor that control amplified signal lifetime. 

With these strategies, sensitivity would no longer be a problem and low concentration level can be 

achieved. The short duration of the signal stress the need of faster acquisition methods in order to do 
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more than simple pulse acquired experiments [46,49,222,228]. This will hopefully provide access to 

richer information on the studied samples.  

5.3. Conclusions 

In conclusion, the two routes described here provide high level of polarization and depending on the 

application targeted, one or the other method can be favored. It seems that DNP is more oriented towards 

studying dynamic processes whereas SABRE seems to be well indicated for trace compounds detection. 

In both cases, the signal life time is really short (barely more than 1 min) and fast NMR experiments are 

needed to acquire these signals. 1D experiments are easy to perform but the real challenge is for 

multidimensional experiments. For mixture analysis this is of paramount importance because this 

simplify a lot the separation and identification of the signals. Continuous progress are made regarding 

the efficiency of polarizing agent, catalyst, substrates preparation, experimental conditions and 

apparatus to increase the polarization level further, to expand the range of applications and to ease the 

polarisation process.    
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6. Practical aspects of spatially encoded DOSY  

6.1. Introduction 

Several strategies to speed up the acquisition of DOSY data were presented in section 4. In this work, 

we made the choice to use spatial encoding (SPEN) in order to record DOSY spectra in less than 1 s. 

SPEN DOSY NMR is based on the use of a spatial dimension to encode diffusion and accelerate 

experiments. Decoding of the diffusion information was done by using an appropriate spectroscopic 

imaging scheme. As a result, the diffusion effect was observed in the lineshape of a 1D spectrum or as 

an additional spatial dimension. This section presents the steps that we have followed in order to 

implement and optimize the SPEN DOSY experiment. The two options for acquisition were evaluated 

in a qualitative way in terms of accuracy of diffusion coefficients, resolution and processing compared 

to the conventional DOSY experiment that serves as a reference. Further description on the SPEN 

DOSY pulse sequence will be made in section 8. The aim of this study is to develop fast methods for 

spectral separation and explore the option of spatial encoding for sequences that involve diffusion 

weighting. 

6.2. Experimental section and reference experiments  

All the experiments were carried on a Bruker spectrometer operating at a magnetic field of 600 MHz 

equipped with a triple-axis gradient probe used on the 1H channel. The temperature of the sample was 

set at 293 K. A gradient calibration constant value along the z-axis of Gmax=0.65 T/m was taken from 

constructor specifications. The diffusion gradients have a half-sine shape for conventional experiments. 

For SPEN DOSY experiments, a trapezoidal shape was used for diffusion encoding, with ramping 

period of 25 s. Diffusion was encoded over a 10 mm sample range for SPEN DOSY, a 10 mm sample 

range for conventional experiment on Shigemi tubes and an approximately 15 mm sample range for 

conventional experiment using the classic tube.  
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6.2.1. Sample 

Two types of NMR tubes were tested: classical 5 mm tubes and Shigemi tube with a fixed sample length 

of 10 mm. The sample was prepared mixing caffeine (5.8 mg) and ethylene glycol (2 l) in 600 l of 

D2O. The mixture was shaken until complete dissolution of caffeine and filtered to remove any solid 

particles.  

6.2.2. Conventional DOSY parameters 

Conventional 2D spectra were recorded using a stimulated echo sequence with bipolar gradient pulses 

with additional LED and spoil gradients (the ledbpgp2s sequence in the Topspin software). The 1D 

version of this sequence was run for parameter optimisation. The diffusion-encoding gradient values 

consisted of a linear ramp ranging from 0.00325 T/m to 0.4875 T/m. The diffusion time was set to 100 

ms. The duration of the bipolar gradient pulses for diffusion encoding was 1 ms. The data were acquired 

with 16384 points, 8 dummy scans, a spectral width of 6000 Hz, a relaxation delay of 2 s and 16 gradient 

steps, resulting in a total experiment duration of 19 min 41 s.  

6.2.3. Processing 

The data from conventional DOSY experiments were processed with the DOSY Toolbox, which is an 

open source program for PFG diffusion NMR data processing [122]. For all SPEN experiments, the data 

were processed in MATLAB (The Mathworks, Natick, U.S.A.) using home-written routines, adapted in 

part from the DOSY Toolbox. For SPEN 2D DOSY, the nD SPEN data was read from Bruker files, then 

sorted and reshaped in order to get a nD matrix. The data was multiplied by a sine function and zero-

filled in the conventional dimension. Only the odd echoes were retained, and Fourier transformation 

was performed along both dimensions. The spectra were processed in magnitude mode. Peak maxima 

were selected manually and the spatial profile for each peak was obtained as a row of the (z, ) data set. 

The spatial profiles were fitted with a Stejskal-Tanner equation for all resonances. In the case of the 1D 

DOSY experiment, the data is similar to the 1D pulse-acquire experiment so zero filling, apodization, 

FT and phase correction was performed. The spatial profiles were fitted with a Stejskal-Tanner equation 

for all resonances after peak picking and selection of the decaying part of the lineshape.  
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6.2.1. Reference experiment results 

Figure 26 shows the reference DOSY display for the studied mixture using a conventional DOSY 

experiment. This model mixture was chosen because all the observed signals are non-overlapping 

singlets. Moreover, the molecules studied are of various sizes. Together with the limited number of 

species this ensures that resolving the associated diffusion coefficients will be easy using 

monoexponential fitting. Good resolution of the signals was obtained as expected. Notice that one of 

the caffeine peaks at 7.9 ppm is rather weak as it corresponds to an exchangeable proton. The diffusion 

coefficient values were obtained via DOSY Toolbox processing and were used as references for 

comparison with the proposed SPEN DOSY experiment. 

 

Figure 26: (a) Conventional DOSY display acquired on the mixture of caffeine and ethylene glycol in D2O. (b) 

Conventional DOSY sequence used for reference measurement. Calculated values of diffusion coefficient using 

the DOSYToolbox were 4.12  10-10 m2 s-1 for caffeine, 7.57  10-10 m2 s-1 for ethylene glycol and 16. 10-10 m2 

s-1 for HOD.  
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6.3. Spatially-encoded 2D DOSY: pulse sequences design 

The design of experiments that rely on a spatial dimension to encode diffusion was initiated by 

Thrippleton, Loening and Keeler. They proposed a fast diffusion coefficient measurement strategy that 

make it possible to extract the diffusion information from a 1D spectrum of the mixture [41]. A similar 

approach was presented later on by Shrot and Frydman, where the diffusion effect is encoded along an 

additional spatial dimension [42]. Both approaches rely on the same diffusion-encoding concept 

considering the fact that they use a spatial encoding scheme [39]. These strategies differ from one 

another by their acquisition part that is inspired from spectroscopic imaging schemes. These published 

results were used as a basis for our experiments. The work presented here, that was a preliminary step 

of the overall project, consists in understanding, comparing and optimizing these existing encoding and 

spectroscopic imaging schemes.  

6.3.1. Spatial encoding of diffusion  

Gradient pulses are used to get information about the translational motion of molecules within a mixture 

[95,96,105]. They induce attenuation in the signal arising from each molecule. By increasing their value 

gradually, the signal is attenuated progressively and follows an exponential behaviour (cf. section 3) 

[106,114]. This creates the indirect dimension in the 2D experiment with the area of the gradient as the 

incremented parameter. This classic time-dependent encoding of the diffusion dimension can be 

modified so that the gradient area becomes spatially dependent. Figure 27 shows a comparison between 

the classic scheme, left, and the spatial encoding scheme, right. In the second option, the sample can be 

seen as virtually sliced in multiple sub-sections with an associated gradient area that increase from one 

extremity of the sample to another. Spins located in different slices within the sample are then submitted 

to different values of the gradient area. The diffusion information is hence encoded along the observed 

region of the sample. 

 

Figure 27: Classic diffusion encoding (left) versus spatial diffusion encoding (right). In the classic DOSY 

experiment, N spectra are acquired with increasing values of G. In the spatially encoded DOSY, the sample can 

be seen as sliced N times were each slice correspond to a Gi increment that will give N spectra acquired 

simultaneously.  
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In order to create such partition, linearly frequency-

associated to perform a sequential excitation of the spins across the sample. Since two sets of bipolar 

gradient pulses are used in conventional DOSY, two set of gradient/ chirp pulses are needed as well so 

that the phase imparted by the first one is compensated by the second one, in the absence of diffusion.  

The SPEN DOSY pulse sequences described here are adapted from the stimulated-echo sequence (STE) 

with bipolar gradient pulses and the encoding part is shown in Figure 28

chirp pulses and combined with gradient pulses of same duration Te. This combination gives a symmetric 

quadratic phase as illustrated in Figure 28b. This is the option proposed by Frydman and co-workers in 

their single-scan DOSY. The minimum of the phase corresponds to the minimum gradient strength 

where the signal measured will be the highest. This minimum is located in the center of the observed 

sample region and the diffusion range expend over half of the sample, in our case from 0 to 5 mm. The 

phase is calculated using  

 

A wider range of gradient area can be explored by adding an extra dephasing gradient period of duration 

Tp=Te. The minimum of this phase will be shifted to one edge of the sample, hence the highest signal 

intensity as illustrated in Figure 35. Equation 6.1 will become:  

 

This is the route taken by Keeler and co-workers with the One-dimensional DOSY. In this case, 

diffusion effect is spread over the whole observed region, in our case from 5 mm to 5 mm.  
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Figure 28: Phase variation during spatial encoding of the diffusion dimension. (a) Sample partitioned in several 

slices. (b) Phase imparted during spatial encoding with (solid black line) or without (dashed black line) post chirp 

gradient. (c) Excitation and diffusion encoding part of the pulse sequence. Pulse sequence is derived from the STE 

experiment and diffusion encoding is perform thank to pair of chirp pulses associated with gradient pulses. The 

phase induced by the chirp pulse is quadratic and can be shifted by using a post chirp gradient equal to Te. This 

phase is locally linear.  

For the data shown in this section, the diffusion-encoding parameters were chosen in order to sweep a 

region of 10 mm. The chirp bandwidth was set to 100 000 Hz, the encoding gradient was set to 0.2275 

T/m, the chirp duration and the post-chirp gradient duration was set to 1 ms each. Diffusion delay was 

set to 100 ms.  

6.3.2. Coherence selection  

The selection of the desired coherence transfer pathway (CTP), that is to say the sequence of coherence 

orders that will be retained during detection and contribute to the final spectrum, can be achieved using 

gradient pulses. The coherence selection scheme used by our pulse sequence presented in Figure 29 was 

designed after the Oneshot experiment in order not to use phase cycling [113]. In the Oneshot case, a 

single gradient axis is used to perform both diffusion weighting and coherence selection. In our pulse 

sequence, the gradients were split between the three axes (x, y and z) of the probe, with the diffusion 

gradient along z and the others along x and y. This prevents unexpected gradient refocusing, which may 
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occur if all of them were on the same axis. It also avoids cross-term in the diffusion weighting. For the 

stimulated- -echo pathway was chosen. Coherence 

selection involves the use of gradients to select the desired pathway and, and compensating gradients to 

reduce peak distortion due to lock disturbance. A spoiler gradient was placed during the longitudinal 

storage delay to diphase unwanted transverse magnetization and its balancing counterpart was inserted 

Unbalanced gradient pulses were used for simultaneous anti-echo pathway 

selection and spoiling around each chirp pulse (so that any magnetization unaffected by the chirp is 

rejected). Compensating counterparts of those 

stimulated echo for lock stability. In comparison with the original sequence proposed by Frydman, two 

spoil gradients were added to get rid of the part of the spectrum corresponding to the non-excited zone 

of the tube. The use of triple-axis gradients makes the implementation and analysis easier than with the 

original sequence since it reduces the number of gradient elements that should be taken into account 

during the fit of the results as it impacts its accuracy.  

The gradient strength for coherence selection around the first chirp pulse were a = 0.065 T/m, 

a + c erence selection around the 

second chirp pulse were b = 0.1300 T/m, b + c 

strength for the spoiler during longitudinal storage was f g1 

alancing pulses for lock signal retention were g2 = (2a + c)/2 and g3 = (2b + c)/2 

-phasing gradient, g4, was set to 0.0975 T/m. The 2D experiment 

was recorded in a single scan of 241 ms.  

 

Figure 29: Coherence selection on triple axis gradients for SPEN 2D DOSY pulse sequence. The selected 

coherence transfer pathway is shown in red. Gradients a and b are crushers surrounding the refocusing chirp 

pulses; gradient c selects the anti-echo pathway for the stimulated echo; gradient f is a spoiler during longitudinal 

storage; g1, g2 and g3 are compensating gradients; g4 is the pre-phasing gradient used to shift the echoes in the k 

space. 
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6.3.3. Weak read Gradient Acquisition  

After the position-dependent diffusion encoding, a spectroscopic imaging scheme is needed in order to 

reveal the diffusion weighted images of the sample. A weak readout gradient like the one illustrated in 

Figure 30 was then applied during the acquisition period. Values below 1 % of the maximum strength 

are usually required and the lower the value the better the spectral resolution. Indeed, when the 

acquisition is performed using a readout gradient, the precession frequency of the spins will include an 

additional term that varies linearly with their position in the sample. For a weak readout gradient, this 

leads to a broadening of each peak in the spectrum, that corresponds to an image of the sample. Provided 

that there are several resonances, we would obtain several images centered at the corresponding 

chemical shifts. This approach is however only applicable for weak values of the acquisition gradient. 

Suppose that we use a 0.065 T/m gradient, the dispersion induced by the gradient is 28 kHz for a 10 mm 

region according to BW= GL/2 . On the other hand, if it is a 0.000065 T/m gradient, the dispersion 

induced is of 28 Hz. Now, if we have two resonances separated by 136 Hz as in the sample caffeine and 

ethylene glycol, what happens is that in the first case ( ) the images created by the acquisition 

gradient will be superimposed and we will see only a single image. In the second case, however, the 

dispersion induced is smaller than the chemical shift difference ( so we are able to see two 

images as illustrated in Figure 31. This illustrates how using the weakest possible gradient will give the 

maximum spectral resolution.  

Nevertheless, we said that the diffusion information is encoded in the lineshape of the image. It 

means that the image should be wide enough for the diffusion information to be observable. The decay 

should be correctly defined, that is to say well discretized to get accurate diffusion coefficient values. A 

compromise needs to be found between the resolution of the signals along the chemical-shift axis and 

the resolution within each image. As we saw, with this method, the risk of overlap is quite high. This 

could be limiting if too many resonances are present in the spectrum and needs to be contained in 10 

ppm. With this 1D experiment, two pieces of information are encoded along the same dimension, 

chemical shift and diffusion property.  

 

Figure 30: Spectroscopic imaging acquisition block used to recover both spatial and spectral information in 

SPENDOSY experiment. Acquisition is performed using a readout gradient with a weak intensity. Each peak 

corresponds to an image centered at the corresponding chemical shift.  
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Here we chose to use a 0.000195 T/m acquisition gradient strength. Since signal to noise ratio (SNR) 

depends on the acquisition gradient strength this value was suitable to keep balance between sensitivity 

and resolution. Figure 31 show the results of the variation of the acquisition gradient value and the best 

SNR is obtained for the smallest value of the gradient. However, the diffusion profile will be observed 

over a smaller range. 

 

Figure 31: Comparison of spectrum acquired with different values of acquisition gradient. Section of spectrum 

showing the resonance of caffeine and ethylene glycol separated by 136 Hz. The acquisition gradient values in the 

SPENDOSY ranged from 0.000195 T/m to 0.00065 T/m.  

6.3.4. Echo Planar Spectroscopic Imaging acquisition   

In the approach explored by Frydman and co-workers the acquisition is performed using a train of 

bipolar gradient pulses in order to recover both spatial and spectral information [187]. This spectroscopic 

imaging acquisition block is illustrated in Figure 33

one readout gradient, while the direct spectral dimension is generated by N pairs of bipolar gradients. 

The data is rearranged into a 2D matrix, and 2D Fourier transformation yields a data set in which one 

dimension corresponds to the chemical shift and the other one corresponds to position. The data shows 

one image for each peak, located at the corresponding chemical shift.  

 We know that gradient pulses result in a position-dependent precession frequency of the spins, 

which in turn creates magnetization helices. In this case, consider a single resonance that went 

through the spatial encoding process (with or without diffusion). When submitted to a single gradient, 

this creates a helix as illustrated in Figure 32. This helix will be refocused and will form an echo at a 
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time tcs and be rewinding again at tf. When the opposite signed gradient of the bipolar pair is applied, 

the reverse phenomenon is observed. This winding and unwinding of helices will occur during the N 

pairs of gradients. At the same time, the signal intensity is still evolving according to exp(-t/ T2) and the 

chemical- -  that will decay overtime.   

 

Figure 32: Acquisition in the presence of a train of bipolar gradient pulses for a sample a single resonance. The 

magnetization helix created at a time ti is unwinded to form an echo at a time tcs before being winded again at a 

time tf for the remaining duration of the gradient. The reverse phenomenon is observed during the second part of 

the bipolar gradient pulse and so on during the N pair of gradients.   

With this method, we can use strong acquisition gradients that give higher resolution within the 

lineshape of the images. The risk of overlap in the spectroscopic dimension is also significantly reduced. 

The diffusion lineshape is no longer distorted by multiplet splitting since BW>>J.   
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Figure 33: Spectroscopic imaging acquisition block used to recover both spatial and spectral information in 

SPENDOSY experiment. (a) Acquisition is performed using a train of bipolar gradient pulses. (b) Indirect 

dimension ,k , is obtained with one readout gradient; the direct dimension , t2, is generated by N pair of bipolar 

gradients.  

Acquisition parameters were a 0.195 T/m acquisition gradient strength with a du ration of 384 s, 

including a 25 s ramping period, for a total number of 128 gradients loops of 128 points each. This 

results in a spectral width of 1300 Hz.  

6.4. Diffusion coefficient determination and optimization 

6.4.1. Theoretical models for diffusion curve fitting  

In conventional DOSY experiment, the signal attenuation can be expressed by Stejskal-Tanner equation  

 

where S0 is the initial amplitude of the signal, D is the diffusion coefficient, G is the gradient intensity, 

 is the magnetogyric ratio for protons,  the gradient duration and  the diffusion time. For SPEN 

DOSY experiments, a convenient approach to fit the data would rely on a model of a form analogous to 

equation 6.3:  

 

where K(z) is the effective gradient area at position z and  a corrected diffusion delay. The initial model 

used by Frydman and co-workers [42] 

diffusion delay is corrected as with Te the duration of the chirp, but with an approximate 

expression for K(z): 
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with , L the size of the observed region and Ge the encoding gradient. Additionally, the post 

chirp gradient is not taken into account in this formula. As we decided to include post chirp gradient on 

the basis of Keeler pulse sequence scheme we need to adjust the fitting model to suit our experiment. 

Analytical calculation of this equation was performed.  

 As described in section 4, chirp pulses are radio-frequency (RF) pulses, whose frequency 

changes linearly as a function of time: 

 

where  is the rate of the sweep, Te the chirp duration,  is the initial frequency and 

L the region swept by the pulse. At a given time, , the pulse has a well-defined frequency. Spins that 

of the pulse [42,229]. We explained earlier that linear gradient pulses induce winding of the 

magnetization along z-axis and spins not having the same phase and angular frequency according to 

their position. It is then straightforward to figure out the purpose of combining chirp and gradient pulses: 

while the sample is subjected to a linear magnetic field, the frequency offset of the spins is given by 

, the chirp pulse will affect spins when match  at a time 

 

The phase acquired by the spins during the first chirp pulse can be express as  

 

 

with  and  . 

At the end of the pulse (t= ) and after substituting tz expression, R expression in equation 6.9 the 

spatially dependent phase acquired after the chirp swept is quadratic of the form  

 

The spatial derivative of the phase is then: 

 

 

To get an observable signal, the quadratic phase created needs to be fully refocussed so a 

second, identical chirp pulse is applied under a gradient of the same sign. In diffusion experiments, the 

second chirp pulse combined with a gradient is incorporated at the end of  delay. The attenuation during 

the diffusion delay can be expressed by the term as  remains the same during 

. The phase acquired by the spins during the second chirp pulse is written as follow  
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and the attenuation induced during the second chirp pulse is given by first spatial derivative of (6.13) 

and (6.14) 

 

 

Equations (6.13), (6.14), (6.15), (6.16) and the expression of the attenuation during the diffusion delay 

can be substituted in equation (6.4), and we obtain  

 

provided that  . This is the model that we used to fit our data in the 2D SPEN DOSY. For 

simplification we did not take into account the z independent term like in the original paper. 

The term 

  

corresponds to the effective gradient area, which is spatially dependent (instead of time dependent as in 

the conventional DOSY experiment) and  is the effective diffusion delay. Note that 

  provided that .  

Alternatively, as in the work of Keeler and co-workers[41] the effective gradient area 

imparted by a chirp pulse can be calculated numerically as: 

 

where is the offset of the peak,  is frequency of the r.f sweep and  is the strength of the 

r.f field. The duration of the chirp and gradient pair is assumed to be negligible  

so . 

 Those two models were implemented in our home-written processing package and were used to 

process our data.  

6.4.2. Diffusion profile investigations  

Using the parameters determi

that is shown in Figure 34b with WGA acquisition where the diffusion profile is observed in the 

lineshape of each peak along the chemical shift axis. Spectral-spatial data shown in Figure 34a were 

obtained using EPSI type acquisition where the diffusion profile is observed in the lineshape of each 

peak along z axis. For each data set, the diffusion profile was extracted for the peak of water and plotted 

against a reference profile in Figure 34c and Figure 34d.  
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Figure 34: (a) SPEN DOSY data set acquired with EPSI type acquisition. (b) SPEN DOSY data set acquired with 

weak read gradient. (c) and (d) diffusion profile extracted respectively from (a) and (b) for the peak of water 

(magenta) and reference profile (blue) non-attenuated by diffusion.  

6.4.2.1. Encoding optimization  

For the encoding part of both pulse sequences, we saw that the differences between the pulse sequences 

encoded region or centered in the middle of the encoded region.  Figure 35a shows a comparison that 

was done between the initial single-scan 2D DOSY with no post chirp gradient and a modified version 

that include a post chirp gradient as suggested by Keeler. In the first case, the diffusion range is wider 

so the diffusion curve goes from -4 mm to +4 mm (blue curve). If we take a look at the diffusion profile 

obtained with this method we see that the maximum signal intensity is at -4 mm. This section of the 

diffusion profile was fitted to equation (6.4) to calculate diffusion coefficients. This is an image 

extracted from the whole data set for the water signal.  

In the second case (red curve), the profile was also extracted from the whole spectrum for the 

peak of water. We saw that this time the maximum of the intensity, corresponding to the smallest 

effective gradient area, was located in the center of the sample. The diffusion range is smaller as it goes 

from 0 to 4 mm. With respect of center of the profile, the same diffusion behavior was observed from -

4 mm to 0 as the profile is symmetric. The diffusion curve can be fitted to equation (6.4) as well. 
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Co

have a profile that is close to what we observe in conventional experiments. It is also easier to see 

whether the signal attenuation is appropriate, nor too fast or too slow. The option proposed by Keeler 

with post chirp gradient appears to be more advantageous because of the wider gradient range that is 

covered. 

Additionally, we also tried to remove the extra dephasing part in the 1D DOSY experiment and 

the lineshape undergo severe distortion ( Figure 35b) thus impacting the calculated values of diffusion 

coefficients. It seems that the use of a post chirp gradient for this experiment is mandatory. For the sake 

of comparison between EPSI strategy and WGA strategy we choose to keep the post chirp gradient in 

the encoding process.   

        

 Figure 35: Effect of post chirp gradient depending on the acquisition strategy. (a) Lineshape for the water peak 

using EPSI acquisition with (blue) and without (red) post chirp gradient during the spatial encoding. (b) Lineshape 

for the water peak using weak read gradient acquisition with (blue) and without (red) post chirp gradient during 

the spatial encoding. 

6.4.2.2. Distortion due to gradients  

Another issue that can decrease the accuracy of diffusion coefficient is the non-linearity of the gradient. 

Although it is possible to map this non-linearity as suggested in the literature we did not go in this much 

details for the moment, but we know that it will induce a systematic error [164,169]. We attempted to 

minimize this error by reducing the size of the excited region. Indeed, if the chirp pulse sweeps the 

whole observed region of the tube, ca. 15 mm, on the edges the linearity of G is not respected and spins 

at different positions have comparable precession frequency (blue curve in Figure 36). However, by 
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exciting only the central part of the observed region, ca.10 mm, we no longer observe those distorted 

artefacts on the edges of the acquired profile. The top of the profile is a  

In practice, we used a chirp pulse smoothed at 10 % for the ramping period so if the selected 

region is 10 mm, the diffusion curve is observed over 8 mm. The value of the encoding gradient Ge 

needs to be adjusted according to L=BW2 / Ge, where BW is the bandwidth of the pulse (fixed value), 

L the length of the observed region,  is the magnetogyric ration for 1H and Ge is the encoding gradient 

strength. The higher this value is, the smaller is the observed region. Results shown in Figure 36 were 

obtained with a gradient echo.  

 

Figure 36: Profile obtained after chirped pulse application on the entire sample (blue curve) and on the selected 

central region of the sample (green curve). 

6.4.2.3. Reference profile deconvolution  

Minimizing the distortion of lineshape can also be done by normalizing the data with a reference profile, 

obtained without encoding. This helps to obtain more accurate values of the diffusion coefficient by 

improving the signal on the edges of the profile. The easiest way would be to record a 1D DOSY/WGA 

or a single-scan 2D DOSY/EPSI when the diffusion delay is set to 0 or lowest value as possible. 

However, by doing this, there were still some diffusion attenuation occurring because the diffusion delay 

could not be set below a minimum value of  = 17 ms due to constraints in the  definition 

in the pulse program. To obtain a reference profile with minimal diffusion weighting, a gradient echo 

imaging pulse sequence using the same chirp parameters as for the 2D DOSY/EPSI experiments was 

run. This sequence is shown in Figure 37c A version of the 1D DOSY/WGA with no diffusion delay 

was created as well and is shown in Figure 37b. Both of these sequences are inspired from the Bruker 

gradient echo pulse sequence illustrated in Figure 37a. The later was used to get the green spectrum of 
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Figure 36. The Results are shown in Figure 34c and Figure 34d (blue curves) using the pulse sequence 

presented in Figure 37. Note that for the case of EPSI acquisition, the corresponding reference 

experiment is a 1D, so the same profile is then used to correct for each peak in the diffusion experiment. 

We also created a 2D version of this experiment, which yields a specific reference profile for each peak. 

In practice we used the same reference profile (obtained with the 1D) for all the peaks, for simplicity 

and to save processing time.  

 

Figure 37: (a)Gradient echo from Bruker, imgegp1d. (b) Gradient echo used for the reference profile of 2D SPEN 

DOSY using weak read gradient acquisition. (c) Gradient echo used for the reference profile of 2D SPEN DOSY. 

6.4.3. Accuracy compared to conventional DOSY  

The spectra obtained with our optimized experiments are shown in Figure 34 at the beginning of the 

section. Now that we have explained how we found parameters that would give good estimates of 

diffusion coefficient, it is time to compare both models.  
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 With the 1D DOSY/WGA strategy, we obtained the diffusion coefficients presented in Figure 

38 (right). Red dots indicate the calculated values with the SPEN DOSY and dashed lines are the 

refences values obtained with conventional DOSY (cf. section 6.2.1). A good separation of the signals 

was achieved but an important systematic error was observed. With the 2D single-scan DOSY/EPSI 

strategy, the results shown in Figure 38 (left) are in good agreement with those of the conventional 

DOSY. The systematic error is reduced compared to the previous strategy using the weak read gradient 

during acquisition. If we take a close look at the lineshape, we noticed that it is less distorted. Indeed, 

the use of a weak read gradient lead to severe distortions mainly on the edges of the profiles for each 

peak. This is not the case when using bipolar gradient pulses whose strength is greater. Note that our 

signals were only singlet and we did not have issues with J couplings altering the lineshape, especially 

in the 1D DOSY/WGA as described by Keeler and co-workers. 

  In the following chapters, we chose the EPSI strategy as it provides closer results to 

conventional experiment and most of all because it provides a better resolution in the chemical shift 

dimension and a better resolution of the spatial profile itself.  

  

Figure 38: Left: Comparison of diffusion coefficient values for the 2D SPEN DOSY experiment using weak red 

gradient acquisition and the diffusion coefficient values obtained with the conventional DOSY (dashed 

lines).Right: comparison of diffusion coefficient values for the 2D SPEN DOSY experiment using EPSI acquisition 

and the diffusion coefficient values obtained with the conventional DOSY (dashed lines).  

6.5. Conclusions 

Using the promising results obtained by Keeler and co-workers and Frydman and co-workers as a 

starting point, we have presented an improved version of the SPEN DOSY pulse sequence that includes 

in a distinct way all the advantageous features identified to get optimum results. This helps us in our 

understanding of the theory behind SPEN DOSY so that we can create a spatially encoded version of 

more elaborate DOSY sequences. An acquisition block using bipolar gradient pulses was chosen over 
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the use of a weak readout gradient proposed by Keeler and co-workers because lineshape distortions are 

reduced. It also offers a better resolution between peaks and the risk of overlap is reduced. 

The ultrafast methodology may in principle be extended to any type of diffusion experiments, 

eventually achieving a general, robust protocol for them. This allowed us to fully understand their 

characteristics and the underlying theoretical considerations. In the end we were able to choose the 

option that gives the most promising results for further applications. We have led here a qualitative 

comparison between to acquisition strategies. The full details about the pulse sequence that we chose 

will be further described in section 8.   
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7. Numerical simulations of spatiotemporal NMR 

7.1. Introduction 

To continue our investigation of the properties of SPEN DOSY, numerical simulation of uncoupled and 

coupled spin systems in the presence of translational diffusion were performed in the Spinach library. 

Spinach is an open source software library (written in the MATLAB language) that simulate spin 

dynamics for a variety of spin systems and interactions [44]. As the spatial dependence in SPEN DOSY 

is achieved thanks to the use of frequency-modulated pulses together with magnetic field gradients, we 

need a tool that can handle coexisting spin evolution and diffusion process. The computational 

description of spatially encoded (SPEN) experiments must simultaneously account for classical 

diffusion and quantum mechanical spin dynamics. In Spinach, this is achieved with the Fokker-Plank 

formalism that handles both spin and spatial dynamics and makes it possible to describe spatially 

encoded diffusion experiments with accuracy.  

This section focuses on a thorough numerical description of the SPEN DOSY experiment. First, 

appropriate conditions and spin system description were determined. The effect of the various encoding 

parameters was then studied. The accuracy of the model used for fitting the SPEN DOSY data was 

studied as well. This numerical investigation provides ways to explore the validity of the models used 

as well as ways to correct it from potentials artefacts. Finally, the perspectives for numerical simulation 

of SPEN DOSY experiments are discussed.  

7.2. Simulated pulse sequences, spin system and parameters 

7.2.1. General features of Spinach and implementation 

SPEN DOSY experiments were simulated using the Fokker-Planck formalism to describe spins and 

space dynamics according to (the equation of motion):  

 

 

 

Where the term  corresponds to the spin density matrix at the spatial point r at time t, H(r,t) 

corresponds to the spin Hamiltonian, R is the relaxation superoperator, K is the chemical kinetics 

superoperator, and M(r,t) is the spatial dynamics generator dealing with diffusion and flow with 
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the gradient (in the mathematical sense) operator, v(r,t) the flow velocity and D(r,t) the 

translational diffusion tensor. The matrix representation of the superoperator is made with discretization 

of the spatial dimension using finite grids. Using domains with periodic boundary conditions, these 

superoperators can be either calculated exactly with Fourier differentiation matrices, which is 

computationally expensive, or approximated with finite-difference matrices that are less memory 

consuming [230]. 

 The general architecture of Spinach is presented in Figure 39. Many experiments are available 

in this library. Main files (that are called from the MATLAB interface to start the simulations), such as 

spendosy_test1, need to be created in the section examples. All the parameters, spin specifications and 

basis-set information are given in this file. We will see later on what parameters must be specified. 

Functions that handle spin system features are located in the kernel section. The actual SPEN DOSY 

experiment is located in experiments were the density matrix calculation is done including the 

acquisition part. The functions that implement pulses, gradients, delays, etc. are found in kernel. The 

processing functions are usually located in experiments and called in the main file spendosy_test1. As 

a user, we will mostly modify files located in experiments and examples. The remaining files do not 

necessarily need to be modified, except for more advanced considerations. The Interface and etc. 

sections contain functions for import, export, processing and visualization of data and were not used 

directly.  

The following section will focus on the simulation of SPEN DOSY experiments, considering 

that the library is already optimized in terms of calculation speed thanks to the work of Dr. Ilya Kuprov, 

the main developer of Spinach. All these files in the Spinach package were operated at the time of the 

experiments on MATLAB version 2015a and spinach_1.8.3420. Several of the functions written during 

this work are now included in the distributed version of Spinach that can be found at this address: 

http://spindynamics.org/Spinach.php 

Note that a graphical user interface is available for Spinach but since we create new functions we need 
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Figure 39: Spinach architecture representing the main sections of the library: Examples is used to specify the 

simulation parameters. Experiments is used to define the pulse sequence events and to process the simulated FID. 

Kernel contain the core functions of the library. Interfaces and etc are used for import, export and processing of 

the simulated data. 

7.2.2. SPEN DOSY pulse sequence 

The SPEN DOSY pulse sequence described in the previous section is illustrated in Figure 40a and was 

simulated to characterize the signal behaviour of a 1H spin system. The simulated version  corresponding 

to Figure 40b was built from the real experiment except that in this case the coherence selection 

illustrated in Figure 40c is analytical. It means that the pathways are selected by zeroing the unwanted 

components of the state vector instead of doing a gradient-based coherence selection.  
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Figure 40: (a) Real pulse sequence of SPEN DOSY. (b) Simulated pulse sequence. (c) Analytical coherence 

transfer pathway.  

Figure 39 summarises the main steps of the simulation. A main file, spendosy_test1, needs to be created 

in the section examples. In step 1, the section kernel is called and the functions create and basis are run 

to give Spinach the necessary spin specifications, basis set and parameters. In step 2, the function 

spendosy in experiments is called by spendosy_test1 to start the experiment with spin system and 

parameters. In step 3, the kernel is called for each event of the pulse sequence. In addition, to the 

functions shown in Fig. 1, hard pulses, evolution under a gradient pulse and evolution during the 

diffusion delay are generated with the function step and the function coherence is used to perform 

analytical coherence selection. The final result is the simulated FID (where FID refers to the acquired 

signal). In steps 4 and 5, the functions spendosy_processing and spendosy_fit are called to process the 

simulated FID obtained at the previous step.  

7.2.3. Spin system specifications and input parameters  

When starting a liquid state NMR simulation on Spinach, the first thing to do is to declare the function 

that will be used to start with a clean background. These functions are usually found in the examples 

set. In our case, we implemented a new function as it did not exist in the library. Other examples such 

as ufcosy_test1 were present and were used as a guide to create our own function spendosy_test1.  

The second step is to specify the spin system composition by giving the list of isotopes used. 

We choose to use a simple proton spin system, but many currently observed isotopes are available in 

Spinach. Next, we set the magnet magnetic field to 14.1 T as we worked on a 600 MHz in the laboratory 

for the real experiments, then the chemical shifts in ppm for all protons. If needed, scalar couplings can 
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be specified in Hz. For the moment we consider a 1H uncoupled spin with no chemical shift offset. The 

formalism that will be used for the spin part needs to be specified as well, and in our case, we use the 

Liouville space description. All these information are stored in inter, sys and bas structures are given to 

Spinach through the functions create and basis during the step 1 shown in Figure 39. 

Table 1: Overview of the parameters required for SPEN DOSY simulation 

Sample geometry Acquisition 

parameters 

Encoding parameters 

 

Diffusion evolution Equation for the fit 

 

Dims 

(m) 
0.015 spins 1 or 2 pulsenpoints 1000 

Dconstant 

(1010m2s-1) 
0 or 8  1H 

267524618 

 

npts 3000 Deltat (s) 1.5e-6 
Smfactor 

(%) 
0.1 Td (s) 0.10 dscale 10-10 

cond {'period',7} npoints 256 Te (s) 0.0015   B0  

  nloops 256 Tau (s) 0.0015     

  Ga (T/m) 0.52 BW (Hz) 130000     

  
Offset 

(ppm) 
0 Ge (T/m) 0.2925     

    chirptype smoothed     

          

The next stage is to specify the pulse sequence parameters that are required by Spinach to run the 

simulation and plot the final spectrum. These parameters are usually similar to what is used for running 

the real experiments at the spectrometer but they can be modified to analyze their effect, as we will see 

later. The parameters required by spendosy are listed in Table 1. For the first simulation, as we would 

do at the spectrometer, we indicated the values of the encoding gradients of 0.2535 T/m applied 

combined with a chirp pulse of 110 kHz bandwidth, with a duration of 1.5 ms. The post-chirp gradient 

had a duration of 1.5 ms. The acquisition was performed with a gradient amplitude of 0.52 T/m, a 

duration of 192 s and 256 points. The number of points used for grid discretization, 3000, the size of 

the grid, 15 mm, the diffusion delay, 100ms, and also an initial input value for the diffusion coefficient, 

8, needs to be provided.  

Now that all the parameters, the formalism and the spin system are set, the simulation can be 

imaging function that handle the parameters, the pulse sequence and 

the spin system to calculate the density matrix and render the FID. The whole simulation takes less than 

one minute to be completed.  

7.2.4. Processing  

Once the simulation has returned the FID, it is time for processing. The corresponding functions can be 

found in the section experiments and are called by the spendosy_test function for the step 4 and 5 in 

Figure 39. The FID obtained is shown in Figure 41a. It is a series of echoes created by the train of 
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gradient pulses during acquisition. In order to extract the diffusion information, the data were rearranged 

in the k t space illustrated in Figure 41b where the horizontal dimension corresponds to the t2 evolution 

period, and the vertical dimension to the k-space. The rearranged data were then Fourier transformed 

along both dimensions to give the spectrum of Figure 41c. The diffusion decay curve of Figure 41d was 

then obtained as a slice of the 2D matrix. The decay induced by the diffusion is observable in the spatial 

profile (blue curve). In Figure 41d, the dashed curves correspond to the diffusion curve when the 

parameter for diffusion constant was set to 0. The region of the spatial profile corresponding to the 

plateau of the chirp pulse can be used for diffusion coefficient determination.  

The fitting functions are the same as for the actual experiment, according to the models 

described in section 6. As the experiments were also processed in MATLAB, we simply adapted the 

processing files within Spinach and used the same processing strategy that was previously described. 

Zero filling, apodization, and window multiplication can be performed on the simulated data, and the 

data were by default processed in magnitude mode. 

 

Figure 41: Processing of FID from SPEN DOSY simulation using the Fokker Planck formalism. The free 

induction decay (A) is rearranged into a matrix (B) and gives the spectrum (C) after FT. The diffusion profile (D) 

is extracted from (B).  

7.3. Convergence and accuracy considerations  

Numerical simulation is a powerful way to run virtual NMR experiments that are free of sensitivity 

issues and many sources of experimental errors. However, when the user sets the parameters, attention 

must be paid to the accuracy of the results that will be obtained. Indeed, when an NMR spectrum or a 
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calculated result is obtained by the simulation, one must verify that it is truly meaningful from a 

physical/chemical point of view. In the SPEN DOSY simulation, the accuracy of the output data relies 

on the respect of the spatial Nyquist condition and also on the accuracy of the finite difference 

approximation of the diffusion operator. The first condition will ensure a proper description of the 

gradient helices during the diffusion encoding part and the second condition will ensure a proper 

behaviour of the diffusion effect. 

 

Figure 42: Effect of the grid size on the simulated signal. (a) Simulated diffusion profile using SPEN DOSY for 

various grid size. Below 2000 points, the profile is not meaningful. Above 2000 points Nyquist condition is satisfied 

leading to the expended diffusion profile. (b) Adjustment of the stencil order to achieve convergence and accuracy 

with sparse matrices. Fourier differentiation is formally exact.       

Consider a sample that is discretized along z coordinate with N points over a length of 0.015 m, which 

corresponds the size of a typical NMR sample. The simulations shown above were carried out with 3000 

grid points. The Nyquist condition states that the spatial discretisation grid must have at least two points 

per period of the fastest gradient spiral. A non-appropriate number of grid points for the sample 

geometry description leads to biased signal that has no physical meaning. This can be seen in Figure 

42a when the grids are 500 and 1000 points. The number of points was increased until the returned 

answer remains stable meaning that convergence of the simulation results is achieved. Once the Nyquist 

condition is satisfied, which is here the case for grids with 2000 points and more, distortions disappear 

abruptly and accurate results were obtained. These results are reported in Table 2. On the other hand, 

the larger the number of points is, the larger the operators size will be, so the longer the simulation 

duration will be. The optimal number of points needs to be chosen in order to have reasonable simulation 

duration with converged output value. According to the results of in Table 2, we decided to use 3000 

points for discretization to have a simulation of less than 1 min. 

Table 2: Sample discretization effect on the diffusion coefficient returned by the simulation. Chirp pulse used is 

described by 1000 points 

Number of sample points Output value of D Total duration (s) 
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(  1010 m2 s-1) 

500 -0.07 11.63 

1000 1.1 17.62 

2000 7.83 33.19 

3000 7.97 52.23 

4000 7.98 69.97 

5000 7.98 90.26 

   

The same considerations apply for the description of the chirp pulse. A 10% smoothed chirp pulse of 

110 kHz bandwidth was used here. Its duration was 1.5 ms and it was discretized over 1000 points 

(which is also the typical number of points used experimentally for chirp pulses).  

Table 3: Chirp pulse discretization effect on diffusion coefficient returned by the simulation. Sample is described 

by 3000 points 

Number of chirp points Output value of D (  1010 m2 s-1) Total duration (s) 

250 7.92 34.52 

500 7.96 48.48 

1000 7.97 54.59 

1500 7.98 67.38 

2000 7.98 81.91 

   

From the results presented in Table 3, we concluded that a smaller number of points induce a loss of 

accuracy and a higher number of points is not necessary as it is time consuming. 

 

Regarding the convergence of the simulations for diffusion, the accuracy of the finite difference 

approximation needs also to be adjusted in order to get sufficiently accurate value for the desired 

diffusion coefficient. As this numerical method involves a discretization of the diffusion operator, the 

accuracy is impacted by the space between grids points and also by the order of the stencil used for 

approximation. In order to evaluate the effect of the order of the stencil, we choose as a reference Fourier 

differentiation operator that is formally exact and very accurate, but also computationally consuming 

Figure 42b) is formally exact on a given grid but has a significantly longer run time (36 minutes). For 

the sake of speed, we choose to approximate the operator with a much sparser finite difference matrix 

as it takes less than 2min to be computed. As the actual SPEN DOSY experiment takes less than 1s, a 

numerical simulation of 36 min would not be very convenient. Even though simulations of quantum 

mechanical systems are usually time consuming compared to the real experiment, the use of sparse 

matrices offers the possibility to have simulations that are almost as fast as the experiment while still 

having sufficiently accurate results. For the diffusion operator, periodic boundary conditions were used, 

with 7-point central finite difference operator, which gives sufficiently accurate results.  
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7.4. Model adjustment  

7.4.1. Reference profile correction  

The effect of pulse sequence parameters and instrumental imperfections can be evaluated with good 

quality numerical simulations, once the previously described prerequisites are validated. The gradients 

is needed to take into account the spatial profile induced by the chirp pulse. When the diffusion constant 

was set to zero, the spatial profile of the excitation region, represented as a dashed black curve in Figure 

43, reflected the exact shape of the smoothed chirp pulse. Otherwise, when the diffusion constant was 

set to 8  10-10 m2 s-1, the decay induced by the diffusion, corresponding to blue curve in Figure 43, was 

observable in the spatial profile. Without correction, the region corresponding to the plateau of the chirp 

pulse can be used for diffusion coefficient determination. Since the chirp pulse is smoothed at 10 %, for 

an exited region of 10 mm, it implies that 1 mm on either side of the spatial profile is lost and that the 

remaining plateau is 8 mm. The range of attenuation for the diffusion decay is hence observed on 8 mm 

instead of 10 mm. One can retrieve these 2 mm with a normalization by the spatial profile of the chirp 

pulse, as illustrated in Figure 43 with the red curve. We also noticed that a slight improvement was made 

as we obtained a diffusion coefficient value of 7.98  10-10 m2 s-1 instead of 7.97  10-10 m2 s-1. This 

improvement is more significant in real experiments as the conditions are not ideal like in the simulation 

and it will also account for deviations from an ideal plateau caused by B1 field inhomogeneity for 

example.  
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Figure 43: Reference profile correction. Diffusion-weighted DOSY lineshape obtained under a linear gradient 

with (red line) and without (blue line) reference profile (grey line) correction. A significant increase in the usable 

signal area is evident in the background- corrected signal. 

7.4.2. Gradient area and diffusion time correction 

Numerical simulation can be used to improve the model used to fit the data. We know that in 

conventional DOSY experiment, the signal attenuation can be expressed by the Stejskal-Tanner 

equation   

 

 

where S0 is the initial amplitude of the signal, D is the diffusion coefficient, G is the gradient intensity, 

 is the magnetogyric ratio for protons,  the gradient duration and  the diffusion time. For SPEN 

DOSY experiments, this equation can be generalized as:  

 

Where K(z) is the effective gradient area experienced by the spins calculated from the spatial derivative 

of the phase . For more details see section 4.  

as proposed by Frydman:  

 

were  is the encoding gradient strength,  its duration,  the post chirp gradient duration, L the 

region swept by the pulse, z the position in the sample and . In this case, the effective 
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gradient area imparted by the chirp pulse is determined in an analytical but approximate way and 

proposed by Keeler and co-workers [41] is:  

 

With 

 

where is the offset of the peak,  is frequency of the r.f sweep and  is the strength of the 

r.f field. Diffusion during the chirp and gradient pair is assumed to be negligible and the effective 

gradient area imparted by the chirp pulse is determined numerically.  

The use of either model 1 or 2 results in a small but systematic error. By using a modified 

equation, with K(z) given by the exact expression, , and an effective diffusion time  

Table 3. The former takes into account the 

non- ures the effect of the finite duration of the 

chirp and gradient pair. The resulting model makes it possible to reduce systematic errors, as validated 

with numerical simulations. 

 

Interestingly, numerical simulations make it possible to test the validity of model 2 (which neglects 

diffusion during the chirp pulses) by setting the diffusion operator to be active during the diffusion delay 

only. The agreement between the value obtained from the fit and the reference value is then much better. 

But in practice, diffusion effect takes place during the chirp pulses because of their finite duration, which 

is accounted for in the simulation by introducing the diffusion operator directly into the Liouvillian so 

that diffusion effect is acting at all steps in the pulse sequence.  

Table 4

the diffusion effect is only active during the diffusion delay. When the diffusion operator is active during the whole 

 

Model 
Diffusion during  

(  10-10 m2 s-1) 

Diffusion during whole sequence 

(  10-10 m2 s-1) 

Model 1 (F) - 7.81 

Model 2 (K) 7.97 7.85 

Model 3  - 7.97 
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7.4.3. Chemical shift and field of view correction 

Numerical simulations are also useful in assessing the effect of chemical shift offsets in the analysis of 

the SPEN DOSY data. 

chemical shift offset in the calculation of the effective gradient area given by equation 7.6. Chemical 

shift offsets induce two types of signal displacements: during encoding and during acquisition. The 

displacement upon encoding is accounted for in equation 7.6. Indeed, the position z along the lineshape 

is given by  with  the offset associated to the z position. Even if the image is 

displaced of a quantity . As for typical values of the encoding gradient, the 

displacement effect is quite small. 

  However, chemical shift displacement during acquisition has to be taken into account, as it may 

otherwise result in significant errors. The acquisition gradient induces also a displacement by . 

Table 5 illustrate the variation of the diffusion coefficient returned for several values of the chemical 

shift offset and Figure 44 shows the associated spatial diffusion profiles. Correction is performed using 

 in equation 7.7 in order to shift the FOV. Without the correction, we observed up to 5% 

error in the calculated diffusion coefficient values and for an 0.52 T/m acquisition gradient.  

 

Figure 44: Image displacement according to chemical shift. 

Table 5: Effect on chemical shift on the diffusion coefficient. Carrier frequency is set to 0 

Chemical shift 

(ppm) 

D non-corrected 

(  10-10 m2 s-1) 

D corrected 

(  10-10 m2 s-1) 

0 7.97 7.97 

5 7.73 7.97 

10 7.52 7.97 
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7.5. Influence of parameters on SPEN DOSY 

The present simulations were carried out without noise and may not be used as such for the optimisation 

of encoding and acquisition parameters. We still verified that, in the absence of noise, modelling of the 

data would yield the expected value of the diffusion coefficient.  

7.5.1. Encoding 

In diffusion NMR experiments, the attenuation of the signal depends on the strength and duration of the 

gradient used to attenuate the signal and the diffusion delay. In the case of SPEN DOSY, the bandwidth 

of the chirp pulse and its duration need also to be chosen correctly. Using ,  and 

, which correspond to the position in the sample the more attenuated, equation 7.3 can be re-written 

as  

 

diffusion sensitivity factor given by  

 

 Numerical simulations were performed for different values of this b factor, changing, e.g., the 

diffusion delay. Figure 45 and Table 6 show the variation of the spatial profile and the calculated 

diffusion coefficient for several value of b. In this simulation, there is essentially no difference in the 

estimated values even if we can see some modification of the profile attenuation. In real experiments if 

any variation of diffusion coefficient values were observed, this could be an indication of convection 

for example. Experimentally, the signal-to-noise ratio as well as the distribution of diffusion coefficient 

would govern which b value is more appropriate.  

Table 6: Diffusion delay variation  

Diffusion delay 
D calculated (model 3) 

(  1010 m2 s-1) 
bmax  106 

50 ms 7.96 0.13 

100 ms 7.97 0.25 

300 ms 8.00 0.75 
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Figure 45: Effect of diffusion delay variation on lineshape decay. 

Usually our molecules have diffusion coefficient ranges of 4  10-10 m2 s-1 to 25  10-10 m2 s-1 and we 

also made sure that the behavior of the simulations was correct for several values of the diffusion 

coefficients (data not shown).  

7.5.2. Acquisition 

The effect of the amplitude of the acquisition gradient Ga was studied and is presented in Figure 46. 

When the acquisition gradient is decreased we notice the appearance of oscillation in the profile. This 

oscillating behavior arises from signal truncation in k-space and can make the spatial profile difficult to 

analyse. This entails an over estimation of diffusion coefficient values when small values of acquisition 

gradient are used. These values are summed up in Table 7 and for a 0.13 T/m acquisition gradient 

D=8.18  10-10 m2 s-1 which is higher than expected.  

 

Figure 46: Gradient acquisition variation when diffusion is null (left) and when diffusion coefficient is set to 8  

10-10 m2 s-1 (right). 
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Dividing the diffusion profile by the reference profile computed with the diffusion coefficient set to zero 

helps to retrieve the expected value of D= 7.97  10-10 m2 s-1. This is another point in favor reference 

profile correction especially in the real experiment were a Ga of 0.20 T/m is used because of apparatus 

limitation. That is why we created a gradient echo pulse sequence by removing the evolution periods 

out of the pulse sequence (section 6) since it is impossible to switch the diffusion off in the SPEN DOSY 

experiment. 

Table 7: Gradient acquisition variation 

Acquisition Gradient (T/m) 
D (model 3) 

(  1010 m2 s-1) 

D with ref correction 

(  1010 m2 s-1) 

0.52 7.97 7.98 

0.26 7.97 7.98 

0.195 8.06 7.98 

0.13 8.18 7.97 

7.6. Perspectives  

 

Figure 47: Insight of spinach usefulness with SPEN DOSY of multi-spin systems (left) and new pulse sequence 

development (right). 

Now that accurate simulations of an idealized experiment are available, we can start to use the simulation 

framework to explore several aspects of SPEN DOSY. Beyond the initial and idealized experiment, 

there are many possibilities to design other diffusion-encoding, and also many sources of experimental 

errors. This subsection gives a brief overview of what can be done with this simulation tool, and of what 

was initiated during this work.  

First, multi-spin systems can be easily described in spinach. Within the Fokker Planck 

formalism, diffusion and imaging simulations for systems with multiple coupled spins can be carried 

out in exactly the same way as for uncoupled spins as equation 7.1 supports arbitrary spin Hamiltonian 

commutation superoperators, arbitrary relaxation theories and a host of other processes, such as 

chemical kinetics. Figure 47 (left) shows an example of a simulated SPEN DOSY spectrum for a two-

proton spin system at 600 MHz with diffusion (8  10-10 m2 s-1), flow (0.1 mm s-1), chemical shift 
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difference (0.5 ppm), strong J-coupling (15 Hz), full Redfield DD-CSA relaxation superoperator (2.5 

Angstrom, CSA eigenvalues [-10 -10 20] ppm on both spins, with the tensor on spin 1 being collinear 

to the distance vector and the tensor on spin two being perpendicular to it, rotational correlation time 

1.0 ns), and a non-symmetric chemical exchange process between the two spins (k+ =5 Hz, k- = 10 Hz). 

The calculation was set up in ten minutes and took less than five minutes to run with 3000 discretization 

points in the spatial grid. We noticed some sort of distortion in the lineshape when J coupling is included 

in the simulation. More investigations are needed at this point. Slight modification of diffusion 

coefficient is observed but with correction by reference profile we were able to obtained an expected 

value for diffusion coefficients, the same for both spins.  

Second, an asset of Spinach is that in addition to trying to reproduce existing pulse sequences, 

it is possible to use it to design new pulse sequences and explore new possibilities. Simulations can be 

a good start when trying to design new experiments as we have the opportunity to assess the effects of 

the parameters and add pulse sequence elements without risk of damaging the spectrometer (e.g., when 

using experimental gradient strength that exceed the experimental limitations. In this work, and as will 

be described in the following, numerical simulations were used to design spin-echo-based SPEN DOSY 

sequences. Simulations were also used to validate the concept of the SPEN DOSY COSY experiments 

presented in section 8.    

 Third, experimental sources of errors can be included in the simulation. Convection effects are 

a well-known issue in diffusion NMR experiments. Since Spinach can handle dynamic processes, the 

effect of flow can be included in the simulation. This will be useful to understand how convection 

impacts our experiment but also to provide solutions to this problem. Strategies for convection 

compensation can be tested, and this is one of the developments for which the use of numerical 

simulation turns out to be the most useful.  

Finally, note that the time required to simulate some pulse sequences can become a limitation, 

especially since complexity increases with the size of the spin system. Some improvements were 

implemented by Ilya Kuprov, such as a pre-calculation for the propagators that describes the acquisition, 

and parallel calculations were used when possible (with the parfor syntax of MATLAB). Also, since only 

echoes under positives gradients are used during data processing, the propagation corresponding to the 

negative echoes was implemented in a single step, which provides an acceleration by a factor of 2. We 

need to be careful during the processing and be sure that accuracy of the simulation is maintained.  

7.7. Conclusions 

Numerical simulations of the SPEN DOSY experiment for a 1H spin system provided extensive 

information of the behavior of the pulse sequence. Extra care was taken to ensure that all our simulations 

converged so that we can be sure that the returned results have a physical meaning. Indeed, the finite 



 

 

101 

difference approximation of the operator make it possible to run the simulation in less than 2 min 

compared to the Fourier discretization that is exact but run in 36 min. We made sure that both results 

were equivalent. The effect of several parameters such as the encoding gradient, the acquisition gradient 

or chirp duration was studied to see their impact on the lineshape and the measured diffusion coefficient. 

but at least we saw that the behavior of the simulation was correct for various encoding and acquisition 

parameters. For the later, we learn that a decreased value of acquisition entails oscillations in the 

diffusion profile. This can happen in our real experiments for sure because we do not work at 80 % of 

maximum strength. Models used for data adjustment were corrected as well in order to improve the 

accuracy of calculated diffusion coefficient by reducing systematics errors. We demonstrated that the 

chemical shift induces a displacement during acquisition and that this chemical shift must be taken into 

account in the processing to reduce bias. We also confirmed that the diffusion effect occurring during 

the encoding part must but taken account into the effective diffusion delay because of the duration of 

the encoding gradients are not negligible and diffusion is happening at this moment as well. This work 

was published in Ref. [231].   

  



 

 

102 

8. Advanced spatially encoded DOSY 

8.1. Introduction 

The ability to encode the diffusion information along a spatial dimension in NMR experiments provides 

an accelerated variant of the classic DOSY concept, as we described in Sections 6 and 7. In this section 

we will show several further developments of the SPEN DOSY approach, which aim at improving its 

accuracy and increasing the range of samples that can be analyzed. We will show that 3D DOSY 

experiments can be accelerated using spatial encoding, leading to acquisition duration that are equivalent 

to those needed to get a classic 2D spectrum. Since the accuracy of SPEN DOSY is also affected by 

convection, we will demonstrate that several solutions originally proposed for conventional DOSY can 

be adapted to the SPEN case. We will also describe spectral-selection schemes and a first attempt to 

obtain pure-absorption data with SPEN DOSY, as two other routes to better-resolved NMR peaks. In 

order to set the stage for these developments, we will first describe the model system that was used, the 

conventional data that was collected as a reference, and the optimization of the SPEN DOSY experiment 

described in section 6 for that particular system. 

8.2. Experimental section and reference experiments 

All the experiments were carried out on a Bruker spectrometer operating at a magnetic field of 600 MHz 

equipped with a triple-axis gradient probe used on the 1H channel. The temperature of the sample was 

set at a nominal value of 298 K. Diffusion was observed over a 10 mm sample range for SPEN DOSY, 

a 10 mm sample range for conventional experiment on a Shigemi tube and a 15 mm sample range for 

conventional experiment using a classic tube.  

8.2.1. Samples 

Two sorts of NMR tubes were tested; a classic 5 mm tube and a Shigemi tube with a fixed sample length 

of 10 mm. Mixtures were shaken until complete dissolution of compounds and filtered to remove any 

solid particles. 

The first mixture ( for the Shigemi tube) is composed of L-valine (7.2 mg), methanol 

(2.4 L), ethanol (3.4 L) and n-propanol (4.5 L) solubilized in 590 L of D2O. The concentration is 

near 100 mM for each compound so we have an equimolar mixture.  
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The second mixture (M2) is composed of cyclododecane (1 mg), squalene (2 mg) and 

adamantane (15 L) solubilized in 600 L of CD2Cl2.  

The third mixture (M3) is a sample of pyridine, 4,4-bipyridine, 3-ethylpyridine and N,N-

  150mM) in CD3OD. 

Note: Even though we discussed in the previous section that chemical shift dependent displacement 

during the acquisition needs to be corrected, the following experiments do not take this into account as 

they were performed before we found that this could impact our results. In the M1 and M3 samples the 

effect was barely noticeable. The phenomenon was brought to light with the work of Ghanem Hamdoun 

with sample M2. 

8.2.2. Reference and signal assignment  

8.2.2.1. 2D DOSY 

Results are presented in Figure 48 and Error! Reference source not found. for 2D DOSY of mixture 

. The data is acquired using a modified version of the ledbpgp2s Bruker sequence (stimulated echo 

with LED filter and two spoil gradients). Compensation gradients were added so that the lock signal is 

stabilized during the experiment.  

For conventional 2D DOSY experiments, the gradient values were chosen so that all resonances 

are not completely cancelled at the last gradient level. The linear ramp is ranging from 0.013 to 0.4875 

s parameters need to be carefully adjusted 

so that the decay is neither too fast nor too slow otherwise this lead to a less accurate estimation of 

diffusion coefficients. 2D spectra were acquired with 16384 points in the direct dimension, a spectral 

width of 6000 Hz corresponding to 10 ppm, a relaxation delay of 5 s and 16 gradient steps with 16 scans 

per gradient step. resulting in a total experiment duration of 17 min.  

For conventional 2D DOSY experiments on the M3 sample, the linear ramp is ranging from 

points was set to 

32768 points in the direct dimension, a spectral width of 9000 Hz corresponding to 15 ppm, a relaxation 

delay of 5 s and 8 gradient steps with 16 scans per gradient step resulting in a total experiment duration 

of 15 min. The resulting DOSY display is shown in Figure 49. 
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Figure 48: Conventional data for the mixture of methanol, ethanol, propanol and L-valine in D2O. (a) Stacked 

plot of the spectra acquired with different gradient strength. (b) Reconstructed DOSY display.  The diffusion 

coefficients for water, methanol, ethanol, propanol, L-valine and water are respectively 18  10-10 m2 s-1,12.26 

10-10 m2 s-1, 9.4 10-10 m2 s-1, 8.11  10-10 m2 s-1 and 5.78 10-10 m2 s-1. 

        

The mean values of D for the molecules in the mixture, which will be considered as reference values, 

are 5.78  10-10  s-1 for l-valine, 8.11  10-10  s-1 for propanol, 9.4  10-10  s-1 for EtOH, 

12.26  10-10  s-1 for MeOH and 18  10-10  s-1 for water.  

 

Figure 49: DOSY display of the mixture M3 of bipyridine, dimethyl nicotinamide, 3-ethylpyridine and pyridine in 

CD3OD. 

8.2.2.2. COSY 

Results are presented in Figure 50 for COSY of mixture  The 2D spectrum is acquired using the 

cosygpqf Bruker sequence (magnitude-mode COSY using gradients). 2D spectra were acquired with 

4096 points in the direct dimension, 256 points in the indirect dimension, 8 dummy scans, 1 scan per 
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increment, a spectral width of 3600 Hz corresponding to 6 ppm, a relaxation delay of 5 s resulting in a 

total experiment duration of 11 min 33s. The signals were assigned as shown in Figure 50. 

 

 

Figure 50: COSY spectrum for the mixture composed of L-valine, propanol, EtOH, MeOH in D2O. 

Table 8: Results of the conventional DOSY experiment   

Molecule Signal 
D 

 1010  s-1 
Signal 

D 

 1010  s-1 
Signal 

D 

 1010  s-1 
Signal 

D 

 1010  s-1 

Water H2O 18       

MeOH j 12.26       

EtOH f 9.32 e 9.47     

Propanol i 8.08 h 8.12 g 8.12   

Valine d 5.76 c 5.84 b 5.76 a 5.76 

 

8.2.2.3. 3D DOSY-COSY 

Results are presented in Figure 51 for 3D DOSY-COSY on mixture . The data is acquired using a 

modified version of the ledbpgpco2s3d Bruker sequence (stimulated echo with bipolar gradient pulses 

for diffusion, LED filter, homonuclear shift correlation and two spoil gradients). Compensation 
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gradients were added to the Bruker sequence so that the lock signal be stabilized during the experiment. 

Going from the 2D experiment to the 3D version is done by transposing the parameters used previously 

and setting the COSY parameters. For the conventional DOSY-COSY, the spectrum was acquired for 

14h with 4096 points, 16 gradient increments and 128 increments in the indirect dimension. The number 

of scans was set to 8 as well as the number of dummy scans in order to perform phase cycling. 

 

Figure 51: 3D DOSY. (a) Pulse sequence for DOSY COSY. (b-f) COSY-type spectra obtained as 

slices of the 3D (D, direct, indirect) dataset resulting from DOSY processing. The selected range in D is shown in 

each panel. The COSY spectrum with the lowest diffusion gradient area is shown in (g).  

Figure 51g shows a COSY spectrum extracted from the 3D dataset, with all the signals indexed. This 

spectrum corresponds to the lowest gradient level that is to say the spectrum with the highest intensity. 

The determination of diffusion coefficients was perf

COSY spectra associated to the 16 gradient levels, then fitting the decaying volume to equation (6.3) 

after DOSY Toolbox processing [82,122,148]. Diffusion coefficients obtained for the 3D experiments 

are close to those from the 2D experiment, as illustrated in Figure 52b, but the values are smaller of 

around 0.2  10-10 m2 s-1. Figure 52a shows the decay of all the signals against the gradient area through 
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and each group corresponds to one compound. As expected, water (which is the smallest molecule) 

decays faster than the valine (which is the biggest molecule) so it will have a higher diffusion coefficient. 

Decaying curves coming from either correlation or diagonal peaks are well superimposed within a same 

compound. Extracted COSY for each compound, after the data set has been processed in the diffusion 

dimension, are shown in Figure 51. Each spectrum comes from a slice in the DOSY dimension. For 

example, ethanol spectrum was plot for D comprised between 9 and 11 x10-10 m2 s-1. 

 

Figure 52: (a) Curve fitting of the decay profile in order to 

determine the values of D (case using the volume of each peak. (b) Comparison between calculated diffusion 

coefficients (blue dots) in the DOSY-COSY and the values measures in the 2D-DOSY experiment (dashed lines). 

8.2.3. Processing 

Data from conventional DOSY experiments were processed with the DOSY Toolbox [122], which is an 

open source program for PFG diffusion NMR data processing. For the DOSY-COSY and all SPEN 

experiments, the data were processed in MATLAB (The Mathworks. Natick. U s.A.) using home-written 

routines, adapted in part from the DOSY Toolbox. In short, the SPEN data was read from Bruker files, 

then sorted and reshaped in order to get respectively a 2D or 3D matrix. Group delay removal, window 

multiplication by sine function in the t1 or (t1, t3) space and Hamming function in the k-space then zero-

filling to Nn (with n=2 or n=3 and N the number of loops during acquisition) matrix size were then 

performed. Odd echoes were separated from even ones before Fourier transforming (FT) the data set 

along all dimensions. FT along the k-space gave the desired s

resonance frequency. Spectra were displayed in magnitude mode as phasing them was not possible. For 

(6.3). For 3D data set, the volume of each peak was computed to perform the fit using the same equation. 

Data below four times the noise level was discarded before the fit. The DOSY representation was 
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obtained using gaussian lineshapes with maxima corresponding to the calculated D values and 

linewidths set by the error of the fit.  

8.3. Improved spatially-encoded 2D DOSY on mixture  

8.3.1. Adjusting encoding parameters  

In order to compare SPEN and conventional experiments, the effective gradient area caused by the chirp 

and gradient pair was adjusted to match the extremal values of the gradient levels in conventional 

DOSY. Figure 53a shows a comparison between the gradient area in conventional DOSY (blue 

diamonds), the former gradient area in SPEN DOSY (blue stars) and the matched gradient area (green 

circles). The effect on the lineshape can be seen on Figure 53b. The gradient area in SPEN DOSY can 

be expressed as  

 

and for conventional DOSY as 

 

where  is the magnetogyric ratio for proton,  is the duration of the gradient, n the gradient increment, 

L the size of the observed region, Ge the encoding gradient, Te the chirp duration, Tp the post chirp 

duration and z the position in the sample, G1 and Gn the minimum and maximum of the gradient ramp 

set by the user and 0.637 is the gradient shape factor for a sine shape.  

If  and  are respectively the positions at -4 mm and 4 mm in the encoded region and  and  

are respectively the gradient area for the first and last gradient increment in the conventional experiment 

we can solve this system with Ge and Tp unknown:  

 

If we express  as 

 

after introducing (8.4) in (8.3) and solving the equation we have  

 

Tp can then be calculated and also the bandwidth of the pulse according to  
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The values of Te and L are chosen by the user and in our case, we decided to go with a chirp duration of 

2 ms, which gives a reasonable value of the maximum RF field, and a sample length of 10 mm. The 

diffusion delay is 100 ms for both conventional DOSY and SPEN DOSY. The corresponding encoding 

parameters calculated were a chirp bandwidth of 110 000 Hz, an encoding gradient of 0.26 T/m and an 

extra dephasing gradient duration of 1.6 ms. These parameters are found in Table 9. While these values 

were obtained here using the conventional DOSY as a starting point, the parameters can also be 

optimized directly on the mixture of interest.  

 

Figure 53: (a) Gradient area induced by the chirp and gradient combination before (blue star) and after (green 

circle) optimization to match the conventional gradient ramp (blue diamond). (b) Comparison of diffusion profile 

obtained with SPEN DOSY experiment (magenta curve) before and after optimization of the gradient area. The 

blue shape is the reference profile obtained via the dedicated pulse sequence for purpose of noise correction. 

 

Table 9: Gradient area optimization parameters 

 

8.3.2. Adjusting acquisition parameters  

The SPEN DOSY data set of Figure 54c was acquired with an acquisition time of 241 ms with a single 

scan. With the echo-planar spectroscopic imaging method, the spectral width (SW) of the final spectrum 

Parameters before after 

Bandwidth of the pulse (Hz) 100 000  110 000  

Pulse duration (s) 0.001  0.002  

Extra dephasing period (s) 0.001  0.0016  

Strength for excitation (T/m)  0.2275  0.2535  

Gradient area min (T s/m) 7.13  10-6 2. 76  10-5 

Gradient area max (T s/m) 4.48  10-4 9.08  10-4 
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is defined by where Ta is the duration of the acquisition gradient Ga. The adjustment of this 

parameters gives control over the folding of the peak in the spectroscopic dimension. In our experiments 

Ta was set to a value of 192 s giving a SW of 4.3 ppm. Within the pulse program Ta is defined through 

to the total number of point (TD), the number of loops (NL) and the dwell time of the experiments (dw) 

according to . TD and dw can be chosen arbitrarily (as long as ), and NL is chosen 

within the limitations of the apparatus. As SW is smaller than the one in the conventional DOSY, peaks 

outside the window of 4.3 ppm centered on the offset 2.4 ppm will be folded somewhere inside the 

observable window. Peaks out of range will undergo a translation, which is a multiple of SW. To 

illustrate this folding. the water peak at 4.7 ppm is folded in the ultrafast dimension at 0.4 ppm in Figure 

54d.  

Another limitation of EPSI is the duration of the echo-train acquisition, which is usually short 

(< 150 ms) because of the fragility of gradients on high-resolution probes; this leads to a truncated 

signal, and the resolution in the spectroscopic dimension (governed by the total acquisition time) is thus 

lower than for a conventional acquisition. Parameters such as the number of gradient pair oscillation 

(NL), the duration of a gradient readout (Ta) and the acquisition gradient strength (Ga) were adjusted to 

increase resolution in the spectroscopic dimension to its maximum without overcoming the limitations 

of the apparatus. The acquisition time was set to 98 ms, with 256 loops and the acquisition gradient 

strength was set to 0.195 T/m with a duration Ta set to 192 s. We choose to stay around 100 ms total 

acquisition time because it is less detrimental to the apparatus when using fast oscillations of the reading 

gradients. For typical values of the acquisition gradient, longer acquisition trains were not possible with 

our gradient units: the oscillating gradients are not effective during the whole acquisition time and there 

are no echoes at the end of the FID.  

With EPSI, the resolution in the spatial dimension is governed by the product GaTa. The 

spectral width and the spatial resolution are thus not independent, and further investigation needs to be 

done in order to see how the value of Ga affects the diffusion coefficient measurement. 

8.3.3. Diffusion coefficient determination  

The SPEN DOSY experiment was run using the aforementioned optimized parameters, yielding the data 

set of Figure 54b after data reordering and Fourier transformation in the two dimensions. Such data set 

is analogous to the dataset obtained from a conventional DOSY experiment. Instead of having all of the 

individual spectra acquired one after another, they are obtained with just one transient. The data is 

processed peak by peak, as in the DOSY Toolbox. For each peak, the slice corresponding to its image 

is selected in the 2D dataset. The image region is plotted against position in the sample, and gives the 

profile in Figure 54c. Each point of the profile can be considered as analogous to a gradient level in the 
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conventional experiment. The gradient area experienced by the spins depends on the position in the 

sample and entails some degree of signal attenuation along the sample. Fitting of the decaying profile 

of Figure 54c was performed for a sample region ranging from -4 mm and +4 mm and results are shown 

on Figure 54c. The shape reflects the encoding gradient strength effect on spins throughout the observed 

region of the tube. The maximum of the shape corresponds to the lowest gradient area and the minimum 

of the shape corresponds to the highest gradient area therefore, the first and last gradient level 

respectively. If we look at Figure 54a, we see that the calculated values of D are close to the reference 

values (dashed lines) even though they are consistently higher.  

 

Figure 54: (a) Comparison of DOSY reference values (dashed lines) and SPEN-DOSY results for the mixture of 

alcohols and L-valine in D2O. (b) SPEN DOSY dataset. (c) Diffusion curve for methanol resonance (d) SPEN 

DOSY display. Mixture M1 was used. 

The reconstructed SPEN DOSY display is shown in Figure 54a and because of the decrease in resolution 

in the spectroscopic dimension, the calculated DOSY peaks are broader than those of Figure 48. A 

decrease of resolution is also observed in the diffusion dimension. This experiment suffers from an 

overall decrease in SNR as well. This time we changed the offset of our experiment so that the signal of 

the water peak at 4.7 ppm would be folded at 0.4 ppm in the SPEN spectrum. There is clearly a good 

separation of the five compounds. In the case of propanol, the three peaks give a mean value of D= 8.29 

  10-10  s-1 with a RSD of 2.3 %, which means that the measured diffusion coefficients within 

the same molecules are consistent. In this concentrated sample no signals are lost in spite of the 

decreased sensitivity [232]. However, 
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are so weak that the processing was quite tricky to obtain a correct lineshape. Even if the calculated 

diffusion coefficients do not match very well the reference value, we demonstrated the ability of this 

experiment run in 241 ms to return a SPEN-DOSY spectrum comparable to the conventional spectrum. 

In practice, these single-scan experiments were carried-out with a recycle delay of 5 s to prevent 

accidental hardware damage. Stability of the SPEN-DOSY as well as reproducibility was assessed by 

comparing the results of 5 experiments and 4 experiments over several days. This experiment is 

repeatable and reproducible as there is less than 2 % of CSV for all the results. The compounds 

concentration in the mixture is high enough so that the decrease in sensitivity does not prevent us to 

recover all the peaks of the spectrum but this may not be suitable for more diluted mixtures as the SNR 

should be sufficient for the part of the diffusion curve the most attenuated. Scan averaging would 

probably be necessary but the experiment would still remain faster that the classic one. 

8.3.4. Spin-echo SPEN DOSY  

Several other SPEN DOSY pulse sequences were created during the course of this work. Notably, two 

sequences based on a spin rather than stimulated echo (STE) were implemented. Similar sequences were 

described, but not implemented, in the work of Shrot and Frydman[42] and are presented in Figure 55. 

The first one is a spin echo sequence (SE) were the chirp pulses have opposite signs and are separated 

[223]. The other one is a non-echoed version (NE) where the chirp pulses have the 

same sign and are separated by . The diffusion coefficients of Table 10 obtained with those sequences 

were close to what we have with our own SPEN DOSY sequence. With these versions, we do not lose 

50 % of the signal available compared to the stimulated echo version. However, since the magnetization 

remains in the transverse plane, signal loss can occur due to J-modulation and T2 relaxation. This could 

explain the highest calculated values for the diffusion coefficient in Table 10.  

 

Figure 55: SPEN DOSY based on spin echo (top) and non-echoed version (bottom). 
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Table 10: Diffusion coefficients for SPEN DOSY STE version, SE version and NE version on caffeine and ethylene 

glycol in D2O 

 Diffusion coefficients (  1010  s-1) 

Molecules  (STE)  (SE)  (NE) 

caffeine    

caffeine    

ethylene glycol    

caffeine    

water    

caffeine   0.16 

8.4. Spatially-encoded 3D DOSY on mixture  

While DOSY in its simplest form is well-suited when dealing with mixtures that contain a moderate 

number of compounds, it is not always suitable to separate multiple components in the case of 

overlapped NMR peaks. An interesting option to address this limitation of DOSY for crowded spectra 

is to further increase the dimensionality of the experiment by adding diffusion weighting to a given 2D 

experiment, such as COSY. This so-called 3D DOSY approach of course results in a lengthening of the 

experiment duration, from several minutes to several hours for conventional DOSY.  

8.4.1. Pulse sequence design and parameters  

On the basis of previously described sequences [81,84,148], a COSY encoding block was inserted within 

the SPEN-DOSY pulse sequence, combined with a pair of coherence selection gradient pulses flanking 

Figure 56. In the case of 3D 

DOSY pulse sequences, either one or both of the indirect domains may be spatially encoded so that 

experiments are performed within the timescale of a conventional 2D experiment or faster [189,233

235]. Here we choose to only spatially encode the diffusion dimension, as a doubly spatially encoded 

experiment would have extremely limited resolution and spectral width in the spectral dimensions. 
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Figure 56: SPEN DOSY COSY pulse sequence using EPSI type acquisition.  

The optimal encoding parameters chosen were a chirp bandwidth of 130 000 Hz, a chirp duration of 2 

ms, an encoding gradient of 0.26 T/m and an extra dephasing gradient duration of 1.6 ms. The 

acquisition parameters were a 192 s acquisition gradient duration, 256 gradients loops, and 4.3 ppm 

spectral width in the spectroscopic dimension. The SPEN DOSY COSY experiment was recorded with 

128 increments in the indirect dimensions and 8 dummy scans, resulting in a total experimental time of 

11 min. The data was normalized by a reference profile in the spatial dimension.  

8.4.2. Results for alcohol-valine mixture  

The previous results showed that it is possible to acquire a DOSY spectrum in less than one second and 

still have a good separation between each species in the diffusion dimension. In this part of our work 

we have demonstrated that the SPEN-DOSY sequence could be extended to a third dimension. As a first 

demonstration, the SPEN DOSY-COSY pulse sequence of Figure 56 was performed on a mixture of 

ethanol, methanol, propanol, L-valine in D2O. As above, the conventional DOSY spectrum of Figure 48 

was acquired for this mixture and the results from this experiment are used as reference values. Ethanol 

and propanol, have diffusion coefficients that differ by 10 % but they are well separated and there is no 

ambiguity on the 

is achieved. Interestingly, this experiment is run even faster than the conventional 2D DOSY.  

 

Figure 57: Results of DOSY-COSY (dashed lines) compared with results of SPEN-DOSY-COSY (left); Results of 

SPEN-DOSY (dashed lines) compared with results of SPEN-DOSY-COSY (right). Mixture M1 was used. 
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The diffusion coefficients are calculated as explained in section 8.2.3 with the volume of each signal 

calculated for each COSY plane of the 3D data set shown in Figure 58a. The resulting spatial profiles 

of Figure 58b are similar to those obtained with 2D SPEN DOSY and signals below 3 times the noise 

were removed. A fit to the modified Stejskal-Tanner equation then gave the diffusion coefficient. 

Compared to the reference diffusion coefficients values of obtained with the conventional experiment, 

those obtained with SPEN-DOSY-COSY were smaller, as shown in Figure 57 (left). This is consistent 

with earlier observations with SPEN-DOSY. However, if we compare results between the two SPEN 

experiment (2D and 3D) in Figure 57 (right), the values are not matching except for methanol. Note that 

diffusion coefficients measured for moieties of a same compounds present a variation of less than 6%. 

This does not prevent the extraction of the COSY of individual molecules for appropriate diffusion 

coefficient values in illustrated Figure 58c-g. The separation of the signals of each compound was 

successful as we manage to plot the expected individual COSY.  
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Figure 58: (a) SPEN DOSY COSY data set on mixture M1. (b) Decay profile of each signal thorough the SPEN-

DOSY-COSY experiment. (c-h) Extracted COSY spectra for each molecule according to diffusion coefficients 

values.  

 For validation, the SPEN-DOSY-COSY sequence was be used on the previous model mixture of 

caffeine and ethylene glycol, for which it shows good results with well-aligned peaks (data not shown). 

The folded peak of caffeine is well separated in the COSY extracted from 3D data compared to the 

SPEN-DOSY spectrum where it was quite tricky to isolate from the surrounding peaks.  

 Note that at the time that the experiments were done, model was not corrected yet regarding the 

displacement due to chemical shift during the acquisition (cf. 7.3.3) so it could be interesting to reprocess 

the data with appropriate corrected processing. In Figure 57, peaks number 11 is between two reference 

and one could not conclude (without knowing the sample) that it belongs to ethanol or worse conclude 

that it comes from another additional compound.  
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8.5. Increasing the resolution in SPEN DOSY  

As part of our efforts to improve the accuracy of SPEN DOSY experiments, resolution is one of the 

areas where we can do something to limit signal overlap, which is detrimental for retrieving diffusion 

coefficient via monoexponential fitting. A limitation of the proposed SPEN DOSY pulse sequence is 

that signal folding in the spectral dimension, due to the reduced spectral width of the EPSI acquisition, 

leads to more overlap. This typical feature of EPSI can be troublesome especially when the NMR spectra 

present many signals dispersed over a broad chemical shift range as in our mixture M3. We show results 

for a mixture of 4 molecules of bipyridine, dimethyl nicotinamide, 3-ethylpyridine and pyridine 

(analyzed later on in Section 10) in Figure 59. The 1D spectrum illustrated in Figure 59a reveals that in 

such situation, signals located outside the observed windows (red rectangle) will be folded back within 

the observed range (red arrows). One can attempt to find appropriate acquisition parameters so that the 

folded peaks can be folded where no other peaks are found. However, it is not always possible to do so 

and some peaks will often end up folded over the others peaks creating unwanted signal overlap; we 

would then be back with the problem of resolution unfavorable for DOSY. In order to avoid this 

limitation, a possible approach would be to increasing the spectral range of the EPSI acquisition, with 

an interleaved acquisition that multiplies the spectral width by ni, with the use of ni scans [236]. 

Unfortunately, this method produces several artefacts that highly affect the readability of 2D DOSY 

spectra as well as the measurement of diffusion coefficient when artefacts overlap with peaks of interest. 

The strategy we employed here to avoid signal overlap consists in suppressing signals that lay out of the 

observed range by applying a band-selective refocusing pulse flanked by a gradient pair after the 

diffusion period. The pulse sequence used for this purpose is presented in Figure 59c and the selected 

region corresponds to the green rectangle of Figure 59a. Only the peaks of interest are left and we no 

longer have to deal with the remaining ones.  

While ultrafast 2D NMR experiments are generally processed in magnitude mode, pure-

absorption spectra can in principle be obtained with the EPSI acquisition of SPEN DOSY, provided that 

the chemical shift evolution is refocused at the center of the first gradient readout [237]. Since all echoes 

are centered at k=0 in the (k,t2) space during the acquisition, it implies that all echoes are subjected to 

the same first-order phase and that phase correction can be performed to obtain absorption spectrum.  

This possibility will be of major importance when it comes to dealing with compounds whose NMR 

signals are close in chemical shift. Figure 59b shows the spectrum for the mixture without spectral 

selection for magnitude processed spectrum. In this case it is quite a mess and there is no clear separation 

of all the molecules. Some peaks as for the pyridine are not impacted too much and separated. We can 

see that with the spectral selection, the display of Figure 59d is cleaner but still difficult to interpret. The 

comparison of magnitude mode, illustrated by Figure 59d, and phased mode processing, illustrated by 

Figure 59e, on our mixture in methanol gives undoubted results in favor of the phased case. Separation 
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of the different compound in the diffusion dimension is much improved as we can see in Figure 59e. 

Phased DOSY display shows a better resolution and a significant improvement for the separation. Note 

that this was possible with the STE version of the SPEN DOSY but not with the SE nor NE version due 

to issues with J modulation that prevent the spectra from being phased in the conventional dimension.  

 

Figure 59: (a) 1D spectrum of mixture M3 which indicates folding of peaks without spectral selection (red) and 

the region spectrally selected (green). (b) SPEN DOSY display without spectral selection and processed in 

magnitude mode. (c) Phased SPEN DOSY pulse sequence that includes a band-selective shaped pulse (d) SPEN 

DOSY display with spectral selection processed in magnitude mode. (e) SPEN DOSY display with spectral 

selection processed in phased mode. 

8.6. Convection compensation  

A serious disturbance that affects diffusion measurement is the presence of convection currents due to 

temperature gradients throughout the sample [157,158,160,161]. The use of pulse sequences that are 
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specifically designed to compensate for the effect of convective flow can help to reduce this unwanted 

effect, as proposed by Jerschow and Muller [163]. In their approach, the diffusion weighting proceeds 

in two symmetrical steps rather than a single one. Figure 60 shows a convection compensated version 

of the SPEN DOSY pulse sequence that is based on a double diffusion encoding scheme. This double 

stimulated echo (DSTE) SPEN DOSY is inspired of what is commonly done in conventional convection 

compensated pulse sequence [163,165,166]. The resulting DSTE SPEN DOSY pulse sequence consists 

(CTP).  

 

Figure 60: Convection compensated SPEN DOSY based on a double diffusion encoding scheme.  

Since convection motion causes further phase shift of the magnetization on top of the one induced by 

the random Brownian motion we seek to evaluate, the aim is to impart opposite convection-induced 

phase shifts in each half of the pulse sequence that will cancel each other out. The phase error induced 

by a constant velocity flow is of the form  

 

and leads to a signal modulated according to  

 

In the case of SPEN DOSY Eq. 27 becomes  

 

This result is calculated from Eq (11). (12). (15). (16) in section 6 and the expression of the attenuation 

during the diffusion delay substituted in  

 

If we consider p as the coherence order that change to select the desired CTP one can define 

 

and  

 

The S-T equation for the DSTE becomes  
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with  so that the result can be compared with the single STE. Compensation of the velocity induced 

phase term is obtained for  in a way that the diffusion effect is cumulative at the end 

of the pulse sequence.  

 

Figure 61: (a) 2D DSTE SPEN DOSY (b) 2D STE SPEN DOSY experiment on mixture M2 composed of three 

molecules (cyclododecane, squalene, adamantane) at a concentration of ~200 mM in CD2Cl2 at 295K. 

The pulse sequence was tested on a model sample M2 consisting of squalene, adamantane and 

cyclododecane in CD2Cl2. The presence of convection is expected in our model sample because of the 

low viscosity CD2Cl2, compared to D2O for example, which can intensify convection induced by 

experimental conditions. Results obtained on our model sample are presented in Figure 61 and Table 11 

sum up the values of diffusion coefficients measured. The following results were obtained mainly by 

Ghanem Hamdoun who is a post-doctoral fellow in the laboratory and he needed this pulse sequence in 

order to use it to perform chemical reaction monitoring in situ of an NMR tube. Results of this study 

were published recently [238].  

Table 11: Comparison of diffusions coefficients obtained with ste SPEN DOSY, dste SPEN DOSY, conventional 

results for STE and DSTE experiments.  

Conventional STE 

 10-10 m2s-1 

Conventional DSTE 

 10-10 m2s-1 

SPEN STE 

 10-10 m2s-1 

SPEN DSTE 

 10-10 m2s-1 

33.31 15.01 53.17 18.50 

27.30 8.20 43.60 9.82 

27.31 8.21 43.81 9.69 

35.60 16.3 55.59 21.76 

    

Figure 61 shows the results obtained for SPEN STE and SPEN DSTE. Diffusion coefficient values 

obtained are overestimated compared to the expected values. With the use of the convection 

compensated values, we are back to diffusion coefficient values that are consistent with the result of 

conventional DOSY. We must keep in mind that the convection compensative ability come at the 

expense of sensitivity since each STE part induce 50 % of signal loss. 
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Another verification that can be done to confirm the presence of convection is to plot the linear 

function ( or a given signal. This will provide information on the 

attenuation. In the case of a 2O in D2

convection, the attenuation of the water signal is linear with the STE and with the DSTE and both give 

the same results as illustrated in Figure 62 (left). However, in the case of cyclododecane in CD2Cl2 

shown in Figure 62 (right), the linearity is compromised with using the STE sequence. This nonlinear 

attenuation with respect to the applied gradient strength suggests that an additional effect other than 

Brownian motion contributes to the signal attenuation. The use of the DSTE sequence will restore this 

linearity back as the unwanted contribution from convection is removed.    

  

Figure 62: Left: the ln(S/S0)-attenuation of water using DSTE SPEN DOSY (red) and STE SPEN DOSY (blue) 

sequences. Right: the ln(S/S0)-attenuation of Cyclododecane in CD2Cl2 using DSTE SPEN DOSY (red) and STE 

SPEN DOSY (blue) sequences. 

A variation of the diffusion coefficient as function of diffusion delay can be another sign of convection 

messing with our mixture in CD2Cl2. The diffusion coefficients values measured should remain the same 

for all the values of the diffusion delay. If not, convection will make the diffusion coefficient increase 

together with the diffusion delay value. In Figure 63 (left), convection causes all signals to show 

overestimated apparent diffusion coefficients. In Figure 63 (right) The DSTE DOSY experiment 

restores the signals to the correct positions in the diffusion domain. 
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Figure 63: Diffusion coefficient from a) STE SPEN DOSY and b) DSTE SPEN DOSY experiment as function of 

the diffusion delay on mixture M2. 

To support the ability of our new pulse sequence to compensate for convection, numerical simulations 

in the presence of a constant flow were performed with the Spinach library. As presented in Figure 64, 

in the presence of a flow, the lineshape of the signal is completely distorted in the case of simulated STE 

SPEN DOSY compared to simulated DSTE SPEN DOSY. Fitting of the lineshape in the first case will 

render a diffusion coefficient that is completely off the initial input value. Fitting the lineshape from 

simulated DSTE SPEN DOSY will give a diffusion coefficient that is consistent with the initial input 

value but slightly lower. This is because the lineshape undergo a slight displacement along the FOV and 

this was not accounted nor estimated.  

 

Figure 64: Effect of flow rate on simulated SPEN DOSY diffusion profile with STE (red) and DSTE (blue). 

8.7. Conclusions 

Our work demonstrates the ability of spatially encoded multidimensional experiments to separate 

mixture compounds according to their diffusion coefficient. SPEN DOSY spectra are collected in a 

significantly reduced amount of time, at a cost of a decreased resolution and sensitivity. Although the 

coefficient values present systematic errors compared to conventional results, we are still able to get 



 

 

123 

usable spectra where all compounds are sorted according to their diffusion coefficients. Moreover, our 

experiments suffer from gradients non-homogeneity that needs to be mapped and taken into account in 

order to improve the results. Three dimensional DOSY experiments can be performed following three 

various scheme and an interesting modification of our sequence would be to use the I-DOSY alternative 

to see if the experiment duration can be further decreased. We introduced a new pulse sequence that 

compensate for convection and that has found application for chemical reaction monitoring and 

determination of molecular weight. We also proposed a way of increasing the resolution that is of 

paramount of importance in the quality of the DOSY data. Poor resolution will entail a lack of accuracy 

of the calculated diffusion coefficients and this will result in a compromise separation of compounds. 

The work from sections 6 and 8 was published in Ref. [231,238,239].  
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9. SPEN DOSY of hyperpolarized mixtures using D-DNP  

9.1. Introduction 

The sensitivity limitations of NMR can be addressed with the use of dissolution dynamic nuclear 

polarization (D-DNP), which provides, in theory, signal enhancements of up to 10 000. A brief 

introduction to DNP and its use for the analysis of mixtures has been given in Section 5 [45], [240] In 

the D-DNP method, enhanced signals last for at most a few tens of seconds in solution, because of 

longitudinal relaxation. The SPEN DOSY experiment should thus be relevant to be combined with D-

DNP and record DOSY spectra of hyperpolarized mixtures in the imparted time-window. We wanted 

to demonstrate the possibility to use the SPEN DOSY pulse sequence to record DOSY data from 

hyperpolarized substrates, which would have a significantly increased sensitivity compared to thermal 

equilibrium experiment, even when considering the sensitivity penalty associated with SPEN 

experiments. The expected signal enhancement is sufficient to compensate for the sensitivity loss that 

comes with ultrafast-type experiments and still be able to get a significant gain. 

This section presents how we managed to record SPEN DOSY data from DNP-hyperpolarized 

substrates. First, we needed to implement the pulse sequence on the spectrometer used for D-DNP and 

adapt the parameters to the chosen model samples. We also needed to determine whether 1H and/or 13C 

data can be recorded, as the isotopes do not yield the same signal enhancements and lifetimes. As we 

will show, convection compensated pulse sequences turned out to be necessary to obtain stable diffusion 

coefficients from one experiment to another.  

The experiments presented in this section were done in collaboration with the NMR group 

-

DNP prototype, which is accessible through a national user platform. Specifically, we worked with 

Dennis Kurzbach and Daniel Abergel, who provided their expertise with D-DNP. Their knowledge and 

practical experience on D-DNP was a key to the successful combination of this innovative technique 

with SPEN DOSY.  
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9.2. DNP experimental settings  

9.2.1. Apparatus  

 

Figure 65: Dissolution DNP apparatus composed of a polarizer associated to a high field spectrometer.  

Figure 65 shows a schematic description of the experimental setup for D-DNP. A prototype polarizer 

(Bruker) operating at 6.7 T and 1.2 K was used to perform DNP experiment. This prototype is associated 

with a Bruker spectrometer operating at a Larmor frequency of 800.30 MHz. A 5 mm TXI probe with 

triple axis gradients was used for 1H experiments and a 5 mm BBO broadband probe with single z axis 

gradient for 13C experiments (because the TXI probe was gone for repair). The temperature was set at a 

nominal value of 298 K. The transfer time from the polarizer to the spectrometer was set to 6 s and the 

magnetic field in the transfer capillaries is ca. 0.8 T. In the case of 13C experiments, an additional delay 

of 10 s was set after injection from the separation chamber. This chamber needs to be cleaned up and 

dried for each experiment otherwise decrease of the signal intensity can be observed.  

9.2.1. Sample preparation  

A simple mixture was prepared mixing caffeine (5.8 mg) and ethylene glycol (2 l) in 600 l of D2O in 

a 5 mm classical NMR tube. This mixture is used as to check that the SPEN DOSY experiment is 

implemented correctly. 

The sample used for the 1H D-DNP experiment was composed of 50 % ethanol and 50 % 

glycerol-d8. The polarizing agent was 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPOL) at a 
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concentration of 50 mM. Mock dissolutions were performed on a concentrated sample at 1 M ethanol 

in D2O for parameters optimization.  

A mixture of 1-13C-pyruvate, 1-13C-acetate and 13C-urea was prepared for D-DNP experiments, 

with a concentration of 1 M for each compound. The polarizing agent was 4-hydroxy-2,2,6,6-

tetramethylpiperidin-1-oxyl (TEMPOL), at a concentration of 50 mM. All compounds were solubilized 

in a glass-forming solvent composed of D2O/H2O/glycerol-d8 (4:1:5) (v/v). The solution was stirred 

until complete dissolution of all compounds and sonicated in a warm bath for 10 min.  

For thermal equilibrium experiments, a mixture was prepared with a concentration of 750 mM 

for 1-13C-pyruvate and 500 mM for 1-13C-acetate and 13C-urea in D2O/H2O/glycerol-d8 (4:1:5) (v/v), 

without polarizing agent. The mixture was used as is for thermal equilibrium SPEN DOSY experiments, 

and after dilution by a factor of 25 with D2O for conventional DOSY experiments. We also used a 

solution of 1-13C-pyruvate (700 mM) in D2O and a solution of 1-13C-pyruvate, 1-13C-acetate, 13C-urea 

and 1-13C -methionine (100 mM each) in D2O/H2O for preliminary experiments.  

9.2.2. Polarizing  

Polarization of proton was performed on a 50 L sample at 1.2 K in a magnetic field of 6.7 T for 30 min 

under continuous microwave irradiation (187.9 GHz, ca. 12 mW at the locus of the sample). The 

microwave was modulated with a frequency of 2 kHz over a range of 100 MHz. 

Hartmann-Hahn type cross polarization from 1H to 13C was performed on a 100 L sample at 

1.2 K in a magnetic field of 6.7 T for 30 min under continuous microwave irradiation (187.9 GHz, ca. 

12 mW at the locus of the sample). The microwave was modulated with a frequency of 2 kHz over a 

range of 100 MHz.  

9.2.3. Dissolution and transfer  

The frozen hyperpolarized sample was then dissolved with 5 mL of superheated D2

and transferred in a 5 mm NMR tube placed in an 18.8 T spectrometer operating at 298 K. During the 

transfer, the sample arrives first in a separation chamber and is then pushed with a piston and a stepper 

motor into the receiving NMR tube. The sequence starts when the piston starts to move. The capillary 

of injection goes fully down to the bottom of the NMR tube. The total transfer duration was ca. 6 s. For 

the proton experiment relaxation delay d1 was set to 2.5 s and for carbon experiment d1 was set to 10 s.  



 

 

127 

9.3. Single-diffusion encoding: case of 1H  

The highest sensitivity for D-DNP experiment should be obtainable with 1H spins, which have a high 

natural abundance and magnetogyric ratio, if they are efficiently polarized and if the polarization can be 

preserved until acquisition. However, since the success of the D-DNP approach is very dependent on 

the longitudinal relaxation time T1 of the observed nuclei, the 1H T1 values of less typically less than 5 

s can be a challenge for 1H D-DNP. A first goal is to record a single SPEN DOSY spectrum that gives 

reliable results in less than 10 s, after dissolution. Ideally, we want to obtain multiple diffusion spectra 

with a single D-DNP experiment, each spectrum being recorded in less than 1 s. Here we describe our 

(so far unsuccessful) attempts towards the acquisition of hyperpolarized 1H SPEN DOSY data, which 

served as a preliminary basis for the rest of the work oriented toward boosting sensitivity.  

9.3.1. Transfer of methods  

Since we performed the experiment on a different spectrometer and probe, preliminary experiments 

consisted at first of checking if the result of SPEN STE DOSY experiments gave consistent results on a 

new spectrometer compared to what we usually have in our laboratory. Starting with a known sample 

of caffeine and ethylene glycol in D2O, the conventional DOSY sequence was tested as well as the SPEN 

DOSY sequence using the same settings as for the 600 MHz spectrometer. The stimulated echo sequence 

including bipolar gradient pulses with LED was performed and gave expected results for diffusion 

coefficient (data not shown). An imaging pulse sequence, presented in section 6, was also tested to get 

the reference profile of our sample. This is important as we can improve the accuracy of the calculated 

diffusion coefficient by taking the real shape of our signal that is dependent on gradient linearity. The 

results obtained are satisfactory compared to what we have on a 600 MHz (cf. section 6).  

The various SPEN DOSY experiments that we have previously designed and implemented were 

run over a region of 10 mm using a chirp bandwidth of 110000 kHz for 1.5 ms, a post chirp duration of 

1.5 ms, an encoding gradient of 0.2535 T/m, usual values for coherence selection, a diffusion delay of 

100 ms and 0.195 T/m acquisition gradient with 256 gradients loops and a read gradient duration of 192 

s (including the 25 s for the ramping period de the trapezoidal gradient used). This results in a spectral 

width of 2600 Hz. The prephasing gradient was set to 0.0975 T/m. The 2D experiments was recorded 

in a single scan of 241 ms.  

The conventional DOSY experiment was run with the same parameters as in section 6 with a 

stimulated echo pulse sequence with bipolar gradient pulses, a LED delay and additional lock 

stabilization gradients deriving from the original ledbpgp2s Bruker sequence. 
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9.3.2. Design of spin echo based SPEN DOSY  

Since we were interested in recording a time series of DOSY data, the stimulated echo pulse sequence 

 the entire magnetization in a single can. 

For this reason, we designed a spin-echo pulse sequence. This in addition prevents the 50% signal loss 

associated with the stimulated echo. The sequence described here also relies on small tip angle excitation 

pulses to excite small portions of the magnetization for each scan and thus perform multiple scans with 

a single D-DNP run. 

A version of SPEN DOSY based on a spin echo was presented in section 6 and could be used 

in combination with D-DNP. Our choice however was in favor of a spin-echo-based SPEN DOSY 

sequence, presented in Figure 66b, which involves a pair of adiabatic chirped -pulses for refocusing 

(in addition to the chirp pulses that are combined with gradient pulses and responsible of diffusion 

pulses help to reduce sensitivity to B1 inhomogeneity and miscalibration [206]. A spectroscopic imaging 

acquisition is again used, with a train of bipolar gradient pulses. The proposed spin echo pulse sequence 

has the advantage of restoring the unexcited magnetization back to its initial position at the end of the 

pulse sequence. This is useful if we want to perform multiple sampling of the non-equilibrium 

magnetization as schematized in Figure 66a. However, since the excited magnetization remains in the 

transverse plane during the whole diffusion delay, signal losses are expected from T2 relaxation, and 

distortions are expected because of J-modulation.  

 

Figure 66: (a)Timing of the polarization, dissolution and acquisition steps, with the evolution of the temperature 

and magnetic field. (b) Adiabatic Spin Echo pulse sequence. 

The use of a pair of adiabatic pulses is inspired from the work of Koelsh et al., [223] and from fast 

spectroscopic imaging experiments for hyperpolarized 13C MRI. Koelsh et al. demonstrated that 

diffusion coefficients can be determined with accuracy for 13C hyperpolarized molecules with a long 
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longitudinal relaxation time, provided that signal losses due to T1 relaxation and multiple excitations are 

taken into account. A way to avoid diffusion coefficient alteration by the hyperpolarized signal decay 

would be to use SPEN DOSY pulse sequence, as it offers the possibility to record a full DOSY dataset 

in a single scan. For coherence selection, independent pairs of gradients are placed around each chirp 

 

Table 12: Comparison of diffusion coefficient of SPENDOSY STE, ASE and NE on the sample of ethanol in D2O 

 Diffusion coefficients ( 1010  s-1) 

Molecules  STE ASE NE 

Ethanol (CH3)    

Ethanol (CH2)    

HOD    

 

The ASE pulse sequence was first assessed with thermal equilibrium experiments on a sample of ethanol 

in D2O as shown in Figure 67. The diffusion coefficients obtained, that are shown in Table 12, with this 

sequence were close to what we have with our STE-based SPEN DOSY sequence but a bit lower. Results 

are also shown for the spin-echo sequence that uses a non-echoed CTP for the sake of comparison and 

because we did increase gradually the complexity of the pulse sequence. This is a mean to check if the 

results are consistent as well. This will serve as reference values to be compared with the SPEN ASE 

DOSY spectra acquired with D-DNP. We can still notice that a good resolution is observed in the 

diffusion dimension and the results are in agreement with what we have in conventional DOSY. The 

error on the fit is also small.  

 

Figure 67: SPEN DOSY display acquired on a sample of ethanol in D2O for the of SPENDOSY STE, ASE and NE 

experiments.  
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9.3.3. Dissolution experiments  

In order to evaluate the stability of diffusion coefficients that could be obtained after dissolution of DNP-

hyperpolarized substrates, we first performed mock dissolutions without the polarization step. The 

transfer and injection steps induce a lot of motion in the sample and this can strongly deteriorate the 

signal attenuation profile obtained with DOSY. Results of mock dissolutions are presented in Figure 68 

for 4 scans acquired every 5 s.  

 

Figure 68: Mock dissolution with 4 SPEN DOSY ASE acquired on a sample of ethanol in D2O. SPEN DOSY are 

acquired sequentially every ~2.5 s. Diffusion curves are shown for CH3 resonance of ethanol at folded 4.2 ppm.   

We can see that the estimated diffusion coefficients are very different from the expected values. The 

homogeneity for the two peaks for ethanol is not respected as well for the two first scans. The error in 

the fit is higher for scan 1 and 2 compared to scan 3 and 4 because the injection causes turbulences that 

did not have the time to settle down. Stability seems to be restored at scan 3 but the diffusion coefficients 

are smaller than the reference experiments shown in Figure 67. Additionally, the diffusion curves show 

strong oscillations that are attenuated with time. They are reduced in the 4th scan, obtained 20 s after 

dissolution. 

Since the difficulty to acquire good quality diffusion data with DNP on 1H is due to both the 

delay for transfer and injection and the motion caused by sample injection, we tried several methods to 

improve the injection step. For DNP experiments on slowly relaxing 13C spins that are now routine, the 

sample is transferred to a separation chamber in the bore of the NMR magnet, then injected with a piston 

and a stepper motor in 5 s in the NMR tube that is already located in the spectrometer. Because this 

process is too slow for 1H experiments, we tried to reduce the injection time to 3 s and also to start the 

acquisition earlier by using a relaxation delay d1 of 2.5 s. A practical issue that we faced was to make 
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our sample arrive correctly in the tube. Indeed, the solution did not go to the bottom of the tube after 

injection. This was the case when the capillary was not down to the bottom of the tube. We did not want 

to put the capillary at the bottom of the tube to prevent distortions of the image of the sample. Indeed, 

we have noticed that each time the capillary was fully inside the tube, then the spatial profile was 

distorted as shown in Figure 69 (left). We made reference profiles and this was clear that we should not 

include the capillary. This is mostly due to air bubbles that entails voids in the capillary so no spin 

density to be observed. The profile shows gaps and decreased intensity were the bubbles are, as shown 

in Figure 69 (left). The downside of putting the capillary 1-2 centimeters away from the bottom of the 

tube is that the liquid sample will go up instead of going down. To reduce this issue, the NMR tube was 

inserted into the spectrometer after the heating step and few drops of ethanol were added. 

Hydrophobized NMR tubes were also used to further decrease this effect, but ultimately none of these 

methods were successful. This is because we did try to step aside from the routine protocol of D-DNP 

and we were constrained by apparatus limitation.  

Another issue is the distortion of the signal because there is no lock or shim on during the 

experiments. The data set of Figure 69 (right) shows that the signals are curving in the FOV dimension 

instead of being straight. This will lead to errors at the fitting stage and will reduce the resolution in the 

diffusion dimension. Attention must be paid to shim and lock carefully on the receiving tube before the 

actual dissolution experiment in order to minimize this distortion.  

 

Figure 69: Sources of distortions in D-DNP experiment. Left: effect of the capillary position in the NMR tube. The 

capillary can be either inserted until it reaches the bottom of the tube or left 2 cm above the bottom of the tube. In 

the first situation the sample is correctly transferred, the second situation represents an injection that is too fast 

and induces bubbles, the third situation corresponds a sample that is correctly transferred and the last one shows 

the sample not going down properly in the NMR tube after injection. The red profile shows the effect of bubbles 

on the lineshape. The blue profile is a reference profile properly acquired without bubbles. (b) Effect of the lock 

and shim of the data set. Since the experiments are acquired without lock nor optimized shims, this can induce 

distortion of the signals. 
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9.3.4. Conclusion 

From these preliminary results it appears that, even if our sequence is ultrafast, we cannot record 1H 

SPEN DOSY data that give meaningful diffusion coefficients nor good lineshapes and diffusion curves 

with the D-DNP instrumentation that is currently available to us. Indeed, the T1 is around 4 s and we 

saw with the mock dissolution on a concentrated sample that we need to wait until the 3rd scan (20 s 

after dissolution) to have acceptable diffusion coefficients. By the time we reach this scan the amplified 

signal would be gone. So, we cannot get a proper SPEN DOSY result and extending to multiple scans 

is not feasible. With our current setting and method, we are not able to perform SPEN DOSY of 

hyperpolarized protons. Plus, we had many issues with the samples that did not went properly down to 

the bottom of the tube during the transfer. All our attempts remained unsuccessful. 

 While these efforts were unsuccessful, they paved the way to the acquisition of SPEN DOSY 

data with a more established 13C D-DNP approach, which exploits the long T1 of 13C spins for quaternary 

carbons. 

9.4. Single-diffusion encoding: case of 13C  

Given the current limitations of hyperpolarized 1H NMR with D-DNP on the system that we used, we 

decided to explore the feasibility of SPEN DOSY on hyperpolarized 13C instead of 1H.     

9.4.1. Reference experiments  

9.4.1.1. Conventional DOSY: 1H 

A sample of pyruvate, acetate, urea and methionine (100 mM each) in D2O was used for the DOSY 

reference experiment shown in Figure 70 and the diffusion coefficients obtained are presented in Table 

13. Conventional 2D spectra were recorded using a stimulated echo sequence with bipolar gradient 

pulses (LEDstebpgp2s Bruker sequence with additional lock stabilization gradients). The diffusion-

encoding gradient values consisted of a linear ramp ranging from 0.0325 T/m to 0.4875 T/m. The 

duration of the gradient pulses was 1.2 ms. The 2D data set were acquired with 16384 points in the direct 

dimension, a spectral width of 8000 Hz, a relaxation delay of 2 s, 8 scans, 4 dummy scans and 16 

gradient steps, resulting in a total experiment duration of 26 min. 
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Figure 70: Conventional DOSY display for the mixture of pyruvate, acetate, urea and methionine in D2O. Ethanol 

was identified in this particular sample as we used it to clean the NMR tube.  

The diffusion coefficients for pyruvate and acetate are too close for these molecules to be well separated 

in the SPEN DOSY experiment. These results give use an idea of the behavior of the mixture in terms 

of diffusion coefficient except for urea that is not visible in proton du to exchange between protons of 

the NH2 groups. Due to solubility issues with methionine at high level of concentration (

in water) we decided to continue with only pyruvate acetate and urea.  

Table 13: Diffusion coefficient for the mixture of pyruvate, acetate, urea and methionine in D2O 

Compound (D  1010m2/s) 

EtOH 9.51 

Methionine 5.52 

Pyruvate 8.12 

Acetate 7.87 

Urea - 

Water 18.04 

9.4.1.2. Conventional DOSY: 13C 

We then performed a conventional 13C DOSY experiment to obtain the value for urea. We did one 

experiment on the diluted sample that is equivalent to what we would have after D-DNP and also on the 

concentrated sample. The DOSY display on the diluted sample is shown in  Figure 71. Conventional 2D 

data sets were recorded using a stimulated echo sequence with bipolar gradient pulses (LEDstebpgp1s 

Bruker sequence with additional lock stabilization gradients). The diffusion-encoding gradient values 

consisted of a linear ramp ranging from 0.0343 T/m to 0.2748 T/m. The duration of the gradient pulses 

was 5ms. The 2D spectra were acquired with 16384 points in the direct dimension, a spectral width of 

8000 Hz, a relaxation delay of 300 s, 64 scans, 4 dummy scans and 8 gradient steps, resulting in a total 

experiment duration of 43 h. For the 500 mM only 8 scans were used so it took 5 h.  
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Figure 71: 13C DOSY of mixture pyruvate, acetate, urea (20mM).  

9.4.2. Results on hyperpolarized sample  

The ASE pulse sequence was tested on a model sample composed of urea, acetate and pyruvate labelled 

on the carbonyl group. The advantage of working on CO groups is that the observed signals are singlets 

and the effect of J couplings is i

the magnetization and a time series of 8 ASE experiments was recorded after a single dissolution 

experiment. Each ASE experiment last for a total of 278 ms and the relaxation delay was 10 s. Transfer 

duration, injection time and relaxation delay needed to be optimized in order to keep as much signal as 

possible by the time the sample reaches the receiving tube. A 1D spectrum, shown in Figure 72, was 

calculate the enhancement obtained. It entails that 20 s have elapsed when the first single-scan ASE 

starts. It is important to understand that the spatially encoded experiment induces a reduced spectral 

width as we explained before so it is tricky to fold signal spanning over a 20-ppm region into a 5 ppm 

region. Since we only have 3 signals in the carbon spectrum, folding was achieved without overlap 

issues. However, for an increased number of signals this could be detrimental for spectral resolution and 

also for the resolution in the diffusion dimension.  
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Figure 72: 1D 13C spectrum of a mixture of 1-13C-pyruvate, 1-13C-acetate and 13C-urea. The CO region is shown. 

The spectral window observed in the SPEN DOSY experiments is indicated. Arrows show where each peak folds 

into this region. 

Experiments were performed using chirp pulses of duration 5 ms, a bandwidth of 40 kHz and a gradient 

The post-chirp gradient had a duration of 5 ms. The acquisition parameters are a 0.4320 T/m acquisition 

gradient strength with 128 loops and a readout duration of 512 s. This results in a spectral width of 977 

Hz. For coherence selection, independent pairs of gradients are placed around each chirp pulse with 

strength comprised between 0.0378 and 0.2538 T/m and a duration of 800 s. The prephasing gradient 

was set to 0.2160 T/m, with a duration of 487 s. The total acquisition time was 315 ms.  

Ideally, a reference profile should be recorded after each injection as shown in Figure 73 but 

due to the loss of signal intensity overtime, the SPEN DOSY recorded after did not give good results. 

We cannot do this if we want to perform multiple SPEN DOSY experiments. This could explain the 

distortion that may occasionally occur in our diffusion profile and to improve accuracy of the diffusion 

coefficient diffusion determination, we reduced our fitting region to -2 mm to 2 mm.  

 

Figure 73: Reference profile of the observed region after manual tube filling (left) and right after injection (right).  
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Results using the ASE pulse sequence are presented in Figure 74. Only the first 3 scans were used for 

diffusion coefficient calculation. Up to the 5th scan, there is still some signal left but the SNR became 

too low and the quality of the data is compromised. After 5 scans, all signals have disappeared. The 

diffusion curves, extracted with our home-written processing package, show strong oscillations. The 

decaying signals are strongly modulated, and this modulation seems to be a convection artifact that 

masks the diffusion effect that we are trying to measure as described, e.g., by Jershow et al. [163] In 

addition, the calculated diffusion coefficients are unreliable as they show an important variability from 

an experiment to another and also from scans to scan of a same experiment. The results for the three 

compounds are summarized in Table 14. The results of scan 1 are still fluctuating and at scan 3 results 

seems to be correct but good part of the signal was already loss. This convection effect is possibly 

worsened since the sample may not be completely settled after the injection, and we did not manage to 

get reproducible results.  

 

Figure 74: DOSY spectra for the mixture for 3 successive SPEN DOSY post D-DNP and diffusion curves with 

oscillations shown for pyruvate. 

9.5. Double-diffusion encoding: solving convection issues 

9.5.1. Results on hyperpolarized sample 

The oscillations observed in the diffusion curves are detrimental to diffusion coefficient determination 

as we saw previously. We created a convection compensated version of the ASE experiment previously 
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described that is inspired from the work of Jershow et al.[167] To get compensation effect, the coherence 

transfer pathway (CTP) should be opposite for the first and the second echo. At the end, the diffusion 

effect is cumulated whereas the convection effect is suppressed. The pulse sequence is shown in Figure 

75. We also set the timing of the pulse sequence so that the data can be processed in pure absorption, 

which is usually not done in ultrafast 2D NMR experiments. The principle of this approach was 

described in section 8. The design of the convection compensated pulse sequence was greatly helped by 

the use of the Spinach library [44]. 

 

Figure 75: Adiabatic double spin echo (ADSE) pulse sequence that compensate for convection and give possibility 

to phase the SPEN DOSY data in the conventional dimension. Reprinted from [241] 

Wiley.  

The diffusion profile was simulated with the Spinach library for the pulse sequence used in the previous 

campaigns (see Figure 66). Figure 76 (left) shows the simulated diffusion lineshape for a single spin 

system in the presence or absence of flow for the ASE pulse sequence. The flow rate was varied from 0 

to 12 mm/s. The reference profile where the flow is off is in black. The other profiles are completely 

distorted when the flow is on, giving an apparent faster decaying signal compared to what we expect. 

This leads to overestimated diffusion coefficients. 

 

Figure 76: Simulation comparison results: left ASE and right: ADSE. left: Simulated diffusion profile with flow 

rate set to 0.0 (black D=8.16  10-10m2s-1) or 0.008 (blue D=38.02  10-10m2s-1) when convection is not 

compensated right: Simulated diffusion profile with flow rate set to 0.0 (black D=8.16  10-10m2s-1) or 0.008 (blue 

D=7.36  10-10m2s-1) when convection is compensated. 
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The diffusion profile was simulated with the Spinach library for the new pulse sequence ADSE used to 

compensate the convection (see Figure 75). In Figure 76 (right) results for the ADSE pulse sequence 

were obtained with a flow constant variation from 0 to 12mm/s. The diffusion profile is restored to what 

we expect with a slight shift along z-axis when the flow was not 0. The diffusion coefficients are also 

underestimated but this is acceptable compared to the previous situation. The diffusion coefficient is 

7.97  10-10m2s-1 in the absence of flow and 7.36  10-10m2s-1 for a flow of 8 mm/s. In contrast, in the 

previous situation the estimated diffusion coefficient is 38  10-10m2s-1 for a flow of 8 mm/s. The value 

of the corrected diffusion delay diffusion delay needs to be adjusted in order to take into account the 

diffusion that is occurring during the chip pulse due to its finite duration nature. The ASE results were 

fitted using a diffusion delay equal to  

 

and the ADSE results were fitted with  

 

where Te is the chirp duration, L the observed region, z the position in the sample along the FOV,  the 

diffusion delay (defined as the delay separating the middle of two successive encoding chirp) and 

, Tp the post chirp duration.  

 

Figure 77: DOSY spectra for the mixture for three successive convection compensated SPEN DOSY post D-DNP 

and diffusion curves shown for pyruvate. 

The result of this compensated sequence is very promising as shown in Figure 76 since distortions in 

the diffusion profile are no longer observed. When using this pulse sequence for real experiments in 
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combination with D-DNP (oscillations are no longer observed in the diffusion profile as we can see in 

Figure 77 and all scans give comparable results. Stability of the results from scan to scan and also from 

one experiment to another is observed with the new sequence as the standard variation coefficient (CSV) 

was less than 7 %. This includes the first scan, for which we know from previous experiments that 

convection is still occurring. Reproducibility of the results between several dissolutions was also 

assessed. CSV between three separate D-DNP experiments is below 12 % for all molecules. All the 

results are summarized in Table 14.  

 mum signal intensity 

and obtained comparable values for the diffusion coefficients. The use of a small-tip-angle excitation is 

of potential to follow a dynamic process with DOSY data acquired in less than 1 s. In the end, the double 

diffusion encoding strategy is a better option compare to the single diffusion encoding strategy when it 

comes to monitoring a signal amplified by D-DNP with this instrumentation. Note that there are other 

injection methods, using a liquid or a gas to push the sample, that result in much reduced convection 

[203]. 

Table 14: Diffusion coefficients measured on the mixture of 1-13C-pyruvate, 1-13C-acetate and 13C-urea for several 

experimental conditions. 

  Diffusion coefficient 1010m2 s-1 

Experiment Scan Urea Acetate Pyruvate 

LED-STE, TE, 20 mM - 9.2 6.9 7.1 

SPEN ADSE, D-DNP 

1 8.23 5.76 6.41 

2 8.54 5.78 6.26 

3 7.57 5.43 6.02 

SPEN ASE, D-DNP 

1 15.02 5.41 11.5 

2 12.21 7.82 7.66 

3 10.36 5.17 5.65 

9.5.2. Sensitivity gain 

The enhancement just after injection was determined using the 1D 13C spectrum (blue), shown in Figure 

78, acquired after D-DNP, compared to a thermal equilibrium spectrum (red) acquired with 16 scans 

after the sample has equilibrated.  
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Figure 78: Hyperpolarized 1D spectrum post D-DNP (blue) and thermal spectrum (red) of the mixture of 1-13C-

pyruvate, 1-13C-acetate and 13C-urea. 

A 5500-fold was calculated 10 s after dissolution with the expression  

 

where  is the signal integral of the hyperpolarized spectrum,  is the signal integral of the thermal 

equilibrium spectrum,  is the number of scan used to acquire of the thermal equilibrium spectrum, 

 is the number of scan used to acquire of the hyperpolarized spectrum,  is the excitation 

angle used to acquire the thermal equilibrium spectrum and   is the excitation angle used to 

acquire of the hyperpolarized spectrum.  

We also calculated the decay constant of the hyperpolarized signal by plotting the enhancement 

against time. Figure 79 shows the enhancement measured for the initial 1D 13C spectrum (green cross) 

as well as the time series of SPEN DOSY spectra, for pyruvate. The enhancement for the SPEN DOSY 

spectra was calculated by comparing each spectrum in the D-DNP experiment to a spectrum acquired 

at thermal equilibrium on a concentrated sample of pyruvate (750 mM). 

 

Figure 79: Signal enhancement obtained for the pyruvate signal in the D-DNP experiment where the DDE SPEN 

DOSY pulse sequence is used. The enhancement for the initial 1D 13C spectrum is shown with a green cross. The 

enhancements for the SPEN DOSY spectra are shown with red circles. The black curves correspond to the best-fit 

curve for the decay of the enhancement of the SPEN DOSY spectra. The time is given from sample injection. 

The enhancement for the nth SPEN DOSY spectra can be modelled by an equation of the form: 
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where TR is the repetition time, is the excitation flip angle and T1eff is the fit parameter, which 

corresponds to an effective longitudinal relaxation rate. The resulting fit is shown in Figure 79, and a 

good qualitative agreement is found between the enhancement measured on the 1D spectrum and the 

extrapolated value of the SPEN DOSY enhancement. The fit of the decay curve gives T1eff=11.5 s and 

0=9900. The enhancement of the first ADSE experiment is EADSE=1800. This means that by the time 

we run the SPEN DOSY, we have already lost 80 % of the enhanced signal. There is room for 

improvement for the delays used between experiments in order to get as much signal as possible 

especially regarding the relaxation delay (d1) used. We could for example use d1=10 s as we did for 

the first 1D zg and the first SPEN DOSY and then reduce it to 5 s for the remaining experiments. A 

compromise needs to be found between the optimal duration to get significant enhanced signal available 

and the duration necessary to give the sample some time to settle before acquisition. With this type of 

gain in sensitivity, we would be able to study sample at submillimolar concentration once it arrives into 

the spectrometer within a single-scan.  

 

9.6. Conclusions 

We have shown that the diffusion coefficients of hyperpolarized 13C-labelled molecules can be measured 

in a single scan. The use of spatially encoded (SPEN) DOSY experiment together with dissolution 

dynamic nuclear polarization (D-DNP) provides 13C DOSY data for low concentrated mixtures of small 

molecules. The accuracy of measured diffusion coefficients is significantly improved as the presented 

pulse sequence is designed for convection compensation. The combination of SPEN DOSY and D-DNP 

is illustrated on a model sample and numerical simulations of convection effect are discussed. 

Hyperpolarized 13C DOSY is a promising tool for the monitoring of chemical reactions and the analysis 

of molecular interactions.   
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10. SPEN DOSY of hyperpolarized mixtures using SABRE 

10.1. Introduction 

In parallel to the work on dissolution-DNP [241], we studied the combination of another 

hyperpolarization strategy with spatially encoded DOSY. The Signal Amplification by Reversible 

Exchange (SABRE) method consists of a transfer of spin order from parahydrogen to the substrate 

[209,218]. The transfer is done via interaction between the substrate, a metal complex and parahydrogen 

that form a temporary intermediate. In the most common implementation of the method, the polarization 

step is carried out outside the detection magnet. After insertion of the sample in the magnet, the resulting 

enhanced signal lasts for few seconds so single-scan experiments are well indicated to record 

multidimensional data from this type of signal [49]. This approach grants high level of polarization with 

up to 1000 fold-signal enhancement [209,211,212,225,242,243]. However, it is a selective method since 

it is only possible to polarize certain classes of compounds this way, such as nitrogen-containing 

aromatic rings, but much effort has been made to extend this method to hyperpolarize a range of amines, 

amides, carboxylic acids, alcohols, phosphates, and carbonates [227,244].  

The experiments described in this section were done in collaboration with Gaspard Huber and 

Patrick Berthault at CEA Saclay. We wanted to demonstrate the ability of the SPEN DOSY pulse 

sequence to record 1H hyperpolarized spectra using SABRE. This section presents how we managed to 

do so. First, we needed to adapt the pulse sequence on the spectrometer and adapt the parameters to the 

new sample. Since the SABRE experiment requires shaking of the sample prior to acquisition, we also 

needed to investigate the effect of this as it creates additional movement within the liquid sample, which 

is detrimental for diffusion coefficient determination. We explore the use of this tool for the analysis of 

mixtures of several molecules commonly used with the SABRE method. Two strategies used to achieve 

SABRE SPEN DOSY spectra of low concentrated mixture are presented.  

10.2. SABRE experimental setting  

10.2.1. Parahydrogen preparation  

The apparatus of Figure 80 is a device custom-made at CEA where parahydrogen is prepared by flowing 

hydrogen gas through a glass solenoid that is filled with a catalyst, hydrous ferric oxide, and immersed 

in liquid nitrogen at 77 K. The gas enriched in p-H2 is then stored into a reservoir that is also immersed 

in liquid nitrogen. This helps to increase the pressure to 4 bars in the reservoir, which is then used for 
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the transfer step into the NMR tube (equipped with a valve) that contains the sample. The level of 

parahydrogen produced was found to be 52.1 % by using Raman spectroscopy. This level is maintained 

in the reservoir for several hours.  

 

Figure 80: (a) Level of p-H2 evolution according to temperature and (b) p-H2 preparation apparatus.  

10.2.2. SABRE set up  

The NMR experiment are run on a Bruker spectrometer operating at a 1H Larmor frequency of 500.13 

MHz equipped with an unshielded magnet. For the first series of experiments of this study we used a 5 

mm BBI broadband probe with single z axis gradient (Pz); then we switched to a 5 mm TBI broadband 

probe with triple axis gradient (Pxyz). Results presented here were acquired with one of the two probes 

depending on where the project status was at and this will be specified whenever necessary.  
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Figure 81: SABRE experiment set up. 

The samples are prepared in 3.95 mm thick-walled NMR tubes equipped with a pressure valve. The 

experimental steps are schematized in Figure 81. The tube needs to be degassed prior introduction of p-

H2 from the storage reservoir. The sample that now contains p-H2 is shaken vigorously for 15 s in the 

stray field of the spectrometer at ca. 7 mT and is quickly inserted in the spectrometer. Simultaneously 

the NMR experiment of choice is launched so that the hyperpolarized signal can be recorded. The 

recycle delay was set to at least 4 s to make sure that the sample is well set in the spectrometer before 

acquisition starts. The sample takes approximately 3 s to go down to the spectrometer (delay between 

the end of the shaking and the moment the sample is down in the spectrometer). Up to 4 consecutive 

shaking steps can be carried out with a single batch of p-H2, with minimal losses of signal intensity. 

Also, the sample was found to be stable over more than 1 h, so that multiple experiments can be carried 

out without catalyst degradation.  

Each sample was loaded with p-H2 at least twice, and the results shown here correspond to the 

2nd loading. This is because the first time that the catalyst is in contact with the dihydrogen there is an 

activation step. The catalyst used is [Ir(COD)(IMes)(Cl)] (with IMes= 1,3-bis(2,4,6-

trimethylphenyl)imidazole-2-ylidene, COD= cyclooctadiene) and it will be activated to give 

[Ir(IMes)(H)2(Si)(Sj)(Sk)]Cl (2) (with S= substrate). [49,243] The enhancement is not the best with the 

first loading because the catalyst is not fully activated yet. That is why it is best to make a 2nd loading 

of p-H2 to use the catalyst at its full potential and get the best results in terms of enhancement. The signal 

enhancement is calculated with a separate experiment, where 1D spectra are recorded after shaking and 

insertion. The reference, thermal equilibrium spectrum is obtained several minutes later.  

The steps of locking, tuning and matching, and shimming are carried out on the sample of 

interest before shaking (ie., before loading of p-H2 right after venting the sample). When we perform 

the SABRE experiment, once the sample is quickly introduced into the spectrometer, these steps can no 
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longer be done because there is not enough time. Usually the lock signal does not go back to its initial 

position, and field homogeneity tends to degrade after multiple shaking experiments as we do not go 

through the shimming procedures in between. Nevertheless, this is done whenever the sample is refilled 

with p-H2. 

10.2.3. Sample preparation  

Several samples were studied. The first one was used to perform preliminary experiments and check 

that the SPEN DOSY pulse sequence performs as expected. This is important in order to adapt the 

processing if needed and be sure that the measured diffusion coefficients are consistent. Several 

reference samples were used to obtain the results and are listed below: 

- M1 2O.   

- M2 is a sample of pyridine (100 mM) in CD3OD  

- M3 is a sample of pyridine, 4,4-bipyridine, 3-ethylpyridine and N,N-  

 150 mM) in CD3OD. 

The samples used for the SABRE experiments are prepared under inert atmosphere (using argon) in 

order to prevent any degradation of the catalyst (C1), [Ir(COD)(IMes)Cl] (IMes=1,3-bis(2,4,6-trime-

thylphenyl)imidazole-2-ylidene, COD=cyclooctadiene). Several mixtures were used to obtain the 

results and are listed below: 

 M4 is Pyridine+4,4-bipyridine + 3-ethylpyridine +N,N-   5 

mM)+ C1 (1 mM)+ p-H2 in CD3OD.  

 M5 is Pyridine+4,4-bipyridine + 3-ethylpyridine +N,N-  

2.5 mM ) + C1 (1 mM) + p-H2 in CD3OD 

10.2.4. Pulse sequences 

Conventional DOSY was acquired using a modified version of the ledbpgp2s Bruker sequence 

(stimulated echo with LED filter and two spoil gradients). Compensation gradients were added so that 

the lock signal is stabilized during the experiment. Convection compensated conventional DOSY was 

also acquired using a modified version of the dstebpgp3s Bruker (double stimulated echo with bipolar 

gradient pulses for diffusion, and 3 spoil gradients). Compensation gradients were also added so that the 

lock signal is stabilized during the experiment.  

Two SPEN DOSY experiments were used based on a stimulated echo (cf. Section 6 & 8) with 

either single diffusion encoding (SPEN DOSY STE) or double diffusion encoding (SPEN DOSY 

DSTE). The reference profiles were recorded with a double-spin echo experiment using a pair of 
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spatially selective refocusing chirp pulses followed by a read gradient (cf. Section 6). The 

hyperpolarization level was determined with 1D pulse acquire experiments, recorded separately. 

10.2.5. Conventional DOSY experiments  

Preliminary experiments were done using the mixtures M1, M2 and M3 in order to assess the correct 

implementation behavior of the SPEN DOSY pulse sequence.  

The sample M1 (caffeine and ethylene glycol in D2O) was first used to set up the experiments. 

Conventional DOSY spectra were acquired with the modified Ledbpgp2s pulse sequence. The linear 

gradient ramp was set to 10-70 % of maximum gradient value Gmax=0.65 T/m (constructor value) with 

a duration of 1.4 ms. The diffusion delay was set to 100 ms. Parameters are determined so that the 

remaining signal intensity for the last gradient is 5 % of the signal intensity for the first gradient. 8 

gradients increments were used with 16 scans per increment and 4 dummy scans, 16384 points and a 

spectral width of 7500 Hz. The total duration of the experiment was 15 min. The data were processed 

with the DOSY Toolbox [122].  

 Conventional DOSY display of M2 sample (pyridine in methanol) and M3 sample (pyridine, 

4,4-bipyridine, 3-ethylpyridine and N,N-dimethylnicotinamide in methanol) were obtained as 

previously with the same parameters but with a diffusion delay set to 75 ms and a gradient duration of 

1.2 ms.  

 Results presented in Figure 82 are conventional experiments acquired with the modified 

Ledbpgp2s pulse sequence and they will serve as our reference spectra. Clear separation of compound 

is obtained for M1 and M2. For M3 good separation was obtained but bipyridine and N,N-

dimethylnicotinamide have diffusion coefficients that are very close (they differ by 0.5 10-10m2 s-1 ,ie., 

1.7 %) so it is possible that we do not manage to separate them correctly with the SPEN DOSY as we 

  10-10 m2 s-1 in 

M2 and 17.2  10-10 m2 s-1 in M3 and at the time of writing this difference in diffusion coefficient is not 

fully understood.  
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Figure 82: Conventional DOSY display of mixture M1 using Pxyz probe at 298K , M2 using Pz probe at 298 K and 

M3 using Pxyz probe at 295K with the modified Ledbpgp2s pulse sequence. 

10.2.1. Preliminary SPEN DOSY experiments  

The SPEN DOSY spectra on M1 were acquired using SPEN DOSY STE pulse sequence using a chirp 

pulse with BW=110000 Hz and a duration of 1.5 ms. The post-chirp gradient had a duration of 1.5 ms, 

pulse was used, with a duration of 5493 us and a center frequency set at 2.7 ppm to select a spectra 

region. The acquisition consisted of 128 loops with gradient readout of 230 s, resulting in an acquisition 

time of 59 ms, the acquisition gradient was set to 0.26 T/m and the relaxation delay was set to d1=5 s.   

SPEN DOSY spectra on M2 and M3 where acquired using SPEN DOSY STE pulse sequence 

using a chirp pulse with BW=100 000 Hz and a duration of 1.5 ms. Post chirp gradient was 1.5 ms and 

encoding gradient strength was 0.2535 T/m, the acquisition was set to 0.26 T/m with a duration of 256 

s for 200 loops. Diffusion delay was 75 m s 

centered at O1=12.1 ppm. Total acquisition time was 102 ms. Relaxation delay was set to d1=5s.  
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Figure 83: SPEN DOSY display of mixture M1,M2 and M3 using Pxyz probe at 298K.  

Overall the SPEN DOSY experiments shown in Figure 83 give comparable results compare to the 

conventional DOSY experiments in term of separation, with a systematic deviation of the diffusion 

coefficients, which is due in part to gradient non-linearity. Indeed, the diffusion measurement is 

performed without region selection in the conventional DOSY whereas SPEN DOSY operates on a 10 

mm region. The separation of the compounds in the mixture M3 was a bit tricky since bipyridine and 

N,N-dimethylnicotinamide are close in the diffusion range. Thanks to the phasing of the data in the 

spectral dimension we manage to separate them. We do have some overlap going on because of the 

decrease resolution of SPEN DOSY and signals of the 3-ethylpyridine at 7.3 and 7.6 ppm are 

underestimated. Signal of bipyridine and p-pyridine at 7.8 ppm are superimposed and the diffusion value 

is mainly dominated by the bipyridine. This is so far the most complicated sample that we have studied 

as it suffers from limited resolution even with all the optimization we presented in section 8 were made 

to improve it. 

10.3. Sources of convection in SABRE experiments  

10.3.1. Convection effect due to solvent 

Convection compensated experiments were acquired with the same parameters that was described in 

section 10.2.5. The results are shown in Figure 84 in the case of the mixture M1 in D2O and the observed 

diffusion coefficients differ by less than 2 %. We can say that the convection in D2O is negligible as 

expected since the viscosity of the solvent is quite low. 
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Figure 84: Comparison of conventional convection compensated pulse sequence and non-compensated version 

for mixture M1 using Pz probe at 298K and M2 at using Pz probe at 298K. 

In the case of the sample M2, the results in Table 15 and in Figure 84 show that the sequence that 

compensates for convection gives diffusion coefficients that are 10 % smaller compared to the LED-

STE sequence when working in methanol. This solvent possesses a lower viscosity than D2O and is 

more prone to convection, and this will induce apparent diffusion coefficients that are greater than 

expected. As the SABRE samples are prepared in methanol we need to take this property into account 

in order to get accurate values of diffusion coefficients. The same observation was made for M3 (data 

not shown).  
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Table 15: Results of conv DOSY of pyridine in MeOD with and without convection compensation 

D  10-10m2s-1  

No convection compensation With convection compensation Chemical shift (ppm) 

20.28 18.21 9.95 

21.68 18.16 9.27 

21.46 18.54 8.86 

23.94 20.47 6.29 

23.26 20.20 4.73 

10.3.2. Effect of sample shaking in D2O 

Since the SABRE experiment requires shaking of the sample prior to acquisition, the effect of this 

shaking needs to be investigated as it creates sample liquid movement, which is detrimental for diffusion 

coefficient determination. We first investigated the effect of sample shaking on the quality of the SPEN 

DOSY data on non-hyperpolarized samples, starting with sample M1 (caffeine and ethylene glycol in 

D2O). The protocol consisted of shaking the sample for 15 s second, inserting it in the magnet and 

recording SPEN DOSY experiments (see section 10.2.2 for more details). A series of data were 

recorded, with increasing values of the recycle delay, ranging from 3 s to 30 s. This delay starts at the 

end of the shaking and 3 s is the minimum value possible otherwise the acquisition starts before the 

sample reach the probe. Figure 85 shows the evolution of the measured values of the diffusion 

coefficient, which can be used to evaluate the stabilization time. 

 

Figure 85: Evolution of diffusion coefficients as a function of the recycle delay when the sample undergoes shaking 

as necessary for the SABRE process. Data points corresponding to D2O are in green, in yellow for ethylene glycol 

and in blue, purple and red for caffeine. Data were acquired with using Pz probe at 298K. 
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Stabilization of the results seems to be reached between 7 and 15 s. The shaking of the sample induces 

a perturbation that yields fluctuating diffusion coefficients especially during the first 10 s after the 

introduction of the sample in the magnet. In this case separation seems not to be too impacted but the 

accuracy of the diffusion coefficient is not guaranteed if the recycle delay is less than 10 s.  

10.3.3. Effect of sample shaking in MeOD 

The effect of sample shaking was next investigated on a sample of pyridine in CD3OD (M2), which 

corresponds to the solvent used for our SABRE experiments. The same protocol was used as for sample 

M1 and the SPEN DOSY STE was used. Unfortunately, the diffusion coefficients obtained after sample 

shaking stabilize only after a long recycle delay of 15 s or more, as shown in Figure 86. In addition, the 

values are different from those obtained on a resting, well shimmed and locked sample (dashed lines on 

the Figure 86). The dispersion is 1.9 % CSV when d1=15 s and 4 % CSV when d1=5 s compared to the 

reference sample that has a dispersion of 1.3 % CSV.   

 

Figure 86: Evolution of diffusion coefficients according to shaking on M2 using SPEN DOSY STE. Green: signal 

for o-pyridine; blue: signal for p-pyridine and red: signal for m-pyridine. The dashed lines are reference. values 

acquired on a resting sample. Data were acquired with using Pxyz probe at 298K. 

Considering the 1H longitudinal relaxation rates for the compounds that are typically analyzed with 

SABRE, a recycle delay of 5 s or less is needed to take advantage of the SABRE-enhanced polarization. 

-  be completely incompatible with 

an accurate diffusion measurement because of the shaking that induce strong motion of the liquid. This 

by looking at the diffusion curves (data not shown); signal decays faster than expected. 
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10.4. Convection issue: double diffusion encoding strategy   

We saw that the SABRE protocol compromises the diffusion measurement and results in overestimated 

values for the diffusion coefficients, with a large uncertainty. In section 9 we showed that a convection 

compensation strategy could be used when the sample was undergoing other motion that would mask 

the diffusion effect. With the SABRE experiment we also tried to use this strategy, in an attempt to 

compensate for the unwanted convection effect induced by the shaking of the sample.  

10.4.1. Case of pyridine in MeOD 

First, we started by making a comparison, on sample M2 between the conventional DSTE DOSY, that 

is convection compensated, the SPEN STE DOSY based on single stimulated echo and the SPEN DSTE 

DOSY based on a double stimulated echo that is convection compensated. The results from SPEN STE 

presented in Table 16 are higher than those with the conventional DSTE DOSY, while using SPEN 

DSTE DOSY results are closer to those with the convection compensated conventional DOSY. The 

correction for the diffusion effect appears to work and we no longer have overestimation with the SPEN 

DSTE DOSY. 

Table 16: Diffusion coefficient values obtained for conventional DOSY, SPEN DSTE DOSY and SPEN STE DOSY 

on sample M2 at 298K 

conv DOSY SPEN DSTE SPEN STE 

D  10-10m2s-1  (ppm) D  10-10m2s-1  (ppm) D  10-10m2s-1  (ppm) 

24.66 11.33 24.65 11.33 26.06 11.35 

24.86 11.76 24.44 11.76 25.88 11.76 

24.64 12.46 25.61 12.46 25.38 12.46 

      

To test the stability of the diffusion coefficients when the sample is submitted to shaking, we made 

several shakings of the sample for 15 s and ran a SPEN DSTE DOSY experiments with increasing 

values of the recycle delay. As shown by Figure 87, the stability of diffusion coefficient seems to occur 

after 15 s, but the dispersion of the measured diffusion coefficient remains quite high between the signals 

of the same molecule. The dispersion is 3.5 % CSV when d1=15 s and 12 % CSV when d1=5 s compared 

to the reference sample that has a dispersion of 2.5 % CSV. In addition, the values are different from 

those obtained on a resting, well-shimmed and locked sample (dashed lines on the Figure 86). The 

results seem to be worse with the DSTE strategy than with the STE which was unexpected. Nevertheless, 

even if the homogeneity between the diffusion coefficients values is decreased compared to what we 
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had with STE, we still have a slight positive effect on the overestimation of the calculated coefficient. 

For a d1=15 s with STE D= 27.9  10-10m2s-1and with DSTE D= 26.3  10-10m2s-1. We have doubt that 

this result is significant because in the conventional experiment the difference is around 10 % between 

convection compensated and non-convection compensated. Here this is not the case. Maybe the reason 

is because of the shim and lock that degrade during the process. Notice that diffusion coefficients are 

still away from the refence values.  

 

Figure 87: Evolution of diffusion coefficients according to shaking on M2 using SPEN DOSY DSTE. Green: signal 

for o-pyridine; blue: signal for p-pyridine and red: signal for m-pyridine. The dashed lines are reference values 

acquired on a resting sample. Data were acquired with using Pxyz probe at 298K. 

The reproducibility of the SPEN STE and SPEN DSTE experiments was evaluated with d1= 5 s and the 

results are respectively shown in Table 17 and Table 18. CVS obtained were respectively below 5 % 

and 3 % except for the para signal that is 19 %. The reproducibility is compromised with the SPEN 

DOSY DSTE pulse sequence. Since the signals acquired have an intensity two times lower than the 

intensity in STE, maybe this entails some sensitivity issue, especially for the signal of p-pyridine. We 

can say that the reproducibility of the STE experiment is assessed with the values of CSV < 5 % but this 

do not solve our problem of having overestimated diffusion coefficients because of convection. The 

results with DSTE were quite disappointing.  

Table 17: STE reproducibility with shaking 

Reproducibility SPEN STE 

D  10-10m2s-1  (ppm) D  10-10m2s-1  (ppm) D  10-10m2s-1  (ppm) mean std csv (%) 

27.90 11.35 28.55 11.33 30.68 11.35 29.04 1.45  

28.19 11.76 26.75 11.75 28.55 11.75 27.83 0.95  

27.24 12.46 27.98 12.46 29.27 12.46 28.16 1.03  
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Table 18:DSTE reproducibility with shaking 

SPEN DSTE SPEN DSTE SPEN DSTE 
   

D  10-10m2s-1  (ppm) D  10-10m2s-1  (ppm) D  10-10m2s-1  (ppm) mean std CSV (%) 

24.70 11.33 23.38 11.34 23.28 11.33 23.78 0.79  

23.90 11.75 22.50 11.76 31.81 11.74 26.07 5.02  

25.43 12.46 26v88 12.46 26.58 12.45 26.30 0.77  

10.4.2. Case mixture in MeOD 

Although the results on pyridine alone were not very encouraging, we tried to use the SPEN DSTE 

DOSY pulse sequence on a model mixture of four SABRE-compatible molecules (M3). Unfortunately, 

we did not manage to achieve a good spectral separation with the SPEN DSTE DOSY pulse sequence, 

even in the absence of sample shaking, as shown in Figure 88 (right). While the STE sequence gives a 

good separation, the DSTE does not. We suppose that this problem is due in part to J modulation. On 

the samples analyzed in section 8, the SPEN DSTE DOSY sequence performed very well. This could 

be a limitation of this convection-compensated pulse sequence, which in the present implementation 

involves 20 ms in the transverse plane. An effect of sensitivity only can be excluded, as we also tried 

experiments with signal averaging and a more concentrated sample. We also explored a wide range of 

parameters, chirp pulses, selection coherence on single and triple axis but none of this strategy led to 

expected results.    

In summary, no good results were obtained with the double-diffusion encoding strategy. Some 

hyperpolarization experiments were tried, but unsurprisingly they did not give a good separation of 

spectra. We can say that neither the STE or DSTE gave satisfactory results in terms of diffusion 

coefficient accuracy. 

 

Figure 88 : Comparison between conventional DOSY display M3 (left) with SPEN DOSY STE display (middle) 

and SPEN DOSY DSTE display (right). Data were acquired using Pxyz probe at 298K.  
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10.5. Convection issue: transverse plane encoding strategy 

Since the convection compensation strategy did not give good SPEN DOSY data on our selection of 

SABRE-compatible substrates, we decided to try a different approach. As the sample is shaken 

vigorously with a vertical motion, we made the assumption that convection within the coil region could 

mainly occur along the vertical direction of the sample, i.e., the z-axis. Additionally, convection due to 

temperature gradients usually operates along the z axis as well. We thus chose to perform the diffusion 

measurement in the horizontal direction of the sample, i.e., the x or y axis. With this method, only the 

diffusion effect will be measured in this direction and would not be impacted by the vertical motion. 

This strategy is reported in the literature to give improved results in cases where convection is significant 

[245].       

 We used the mixture of 4 SABRE-compatible molecules (M3) at a concentration of 150 mM 

each to perform the experiments. The conventional DOSY data were acquired with a double stimulated 

echo pulse sequence, with a LED filter and three spoil gradients, and compensating gradients for lock 

stabilization. Same parameters and processing as described in section 10.2.5 were used except that the 

number of scans was increased to 32 and that the duration the experiment was 30 min.   

 Conventional DOSY experiments were recorded to get reference values for the diffusion 

coefficient on z axis and x axis and the results are shown in Figure 89. The difference observed in 

diffusion coefficients is due to miscalibrated gradient. Ideally, the same diffusion coefficients values 

should be obtained whether the x, y or z axis is used but, in our case, lower values were obtained with 

the x axis. Calibration is actual work in progress and for the data presented we used the constructor 

values 0.65 T/m along z and 0.50 T/m along x and y.  
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Figure 89: Conventional DOSY along z axis (left) and along x axis (right) on sample M3. Data were acquired 

using Pxyz probe at 298K. 

10.5.1. Investigation on the transverse plane encoding  

Using a transverse axis for spatial encoding requires taking into account the shape of the NMR tube: the 

spatial profile in the absence of diffusion is indeed round, while the profile along z is flat. A double-

spin echo 1D imaging pulse sequence was used to obtain the reference spatial profile without diffusion 

weighting. In addition, the sample length along a transverse direction is shorter than along the z 

direction. For comparison, three types of experiments were carried out: along the x axis, along the z axis 

using a 3.95 mm region, and along the z axis using a 10 mm region as usual. The acquisition parameters 

for the SPEN DOSY pulse sequence were optimized for experiments that use spatial encoding along the 

x axis. The single stimulated echo pulse sequence using a spectrally selective refocusing pulse was used, 

using a timing that is compatible with a pure-absorption processing of the data.  

SPEN DOSY spectra along x where acquired using SPEN STE pulse sequence using a chirp 

pulse with BW=70000 Hz and a duration of 1 ms. Post chirp gradient was 0.9 ms and encoding gradient 

strength was 0.39 T/m Acquisition gradient was set to 0.25 T/m. Diffusion delay was 100 ms. Selective 

s centered at O1=11.9 ppm. Total acquisition time was 66 ms 

for 65536 points, 128 loops, Ta=256 s leading to a spectral width of 1953Hz. Relaxation delay was set 

to d1=5 s. Observed region is 3.95 mm. 

SPEN DOSY spectra along z where acquired using SPEN STE pulse sequence with the exact 

same parameters as before excepted for the acquisition gradient that was set to 0.325 T/m. The observed 

region is 3.95 mm. 
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SPEN DOSY spectra along z where acquired using SPEN STE pulse sequence using a chirp 

pulse with BW=100000 Hz and a duration of 1.5 ms. Post chirp gradient was 1.5 ms and encoding 

gradient strength was 0.2535 T/m. Acquisition was set to 0.26 T/m. Diffusion delay was 100 ms. 

s centered at O1=11.9 ppm. Total acquisition time 

was 102 ms for 102400 points, 200 loops, Ta=256 s. Relaxation delay was set to d1=5 s. The observed 

region is 10 mm. 

 

Figure 90: SPEN DOSY processing using x-axis encoding. The spatial profile obtained with SPEN DOSY is shown 

in pink, and points selected for the fit are shown as red circles. The reference spatial profile is shown in green, 

with the selected points shown as green circles. The normalized data are shown as blue crosses.   

Figure 90 illustrates how the correction by the reference profile makes it possible to retrieve the diffusion 

decay curve from a spatial region that does not have a uniform spin density. The results shown here 

were obtained by exploiting the date from a region ranging from -1.3 mm to 1.5 mm. Numerical 

simulations were also used to validate the use of a reference profile to retrieve good diffusion curves 

from a non-constant initial spin density. 

10.5.2. Comparison of SPEN DOSY along z-axis vs SPEN 

DOSY along x-axis (no shaking) 

Results in the case of SPEN DOSY STE along x (observed region 3.95 mm) and z (observed region 

3.95 mm and 10 mm) were obtained on a well shimmed and locked sample M3 without prior shaking 

and are presented in Figure 91. These displays were used as a reference. The effect of encoding along x 

versus z is evaluated. When sweeping 3.95 mm the best results are obtained for the SPEN DOSY 

encoded along x, Figure 91a, which is less impacted by convection effect. Figure 91b is encoded along 

z axis over 3.95 mm this time but the separation is not good. Results are much better in term of separation 

for Figure 91c encoded along 10 mm but this correspond to what we observed in the previous section 
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where diffusion coefficients are overestimated. Diffusion coefficients of signals that belong to a same 

molecule are determined with accuracy (less than 3 % along x and between 2 and 10 % along z). In 

SPEN DOSY encoded along z diffusion coefficients appear to be higher than in SPEN DOSY encoded 

along x because of non-calibrated gradient constant but this is consistent with our reference conventional 

DOSY. 

 

Figure 91 : (a) SPENDOSY spectra encoded along x over 3.95 mm, (b) encoded along z over 3.95 mm and (c) 

encoded along z over 10 mm; without shaking on sample M3. Data were acquired using Pxyz probe at 298K. 

10.5.3. Comparison of SPEN DOSY along z-axis vs SPEN 

DOSY along x-axis (with shaking) 

Figure 92 show the results obtained in order to evaluate the stability of the SPEN DOSY STE during 

the shaking along x and z axis on sample M3. They are compared with a reference SPEN DOSY display 

obtained without any shaking.  
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Figure 92: (a) Serie of shaken SPENDOSY spectra encoded along x over 3.95 mm compared to reference without 

shaking, (b) Serie of shaken SPENDOSY spectra encoded along z over 3.95 mm compared to reference without 

shaking and (c) Serie of shaken SPENDOSY spectra encoded along z over 10 mm compared to reference without 

shaking. The sample used was M3. Data were acquired using Pxyz probe at 298K. 

The results obtained with the SPEN STE DOSY sequence using x-encoding remain stable even after 

sample shaking, as shown in Figure 92a. The variation of the diffusion coefficient within a given 

molecule are of less than 5 %. In addition, variation across several experiments is also below 5 %, which 

means that these experiments are repeatable. Compared to the reference experiment without shaking, 

the error is between 2 and 10 %, and the results are stable from an experiment to another.  

On the contrary, the results obtained with the SPEN STE DOSY sequence using z-encoding 

show an unpredictable behavior of the estimated diffusion coefficients, which are not stable as seen in 

Figure 92b. Values vary by 12 % within a given molecule, and the CSV of D within a same molecule 

increase to 12 %. Compared to the reference experiment (without shaking) the error is between 22 and 

50 %. This loss of accuracy in the calculation is due to convection effect after shaking, resulting in 

overestimated values for the diffusion coefficient. The results using a large spatial region for z encoding 

are even worse. Variations within a same molecule increase to 20 %, and the error compared to the 

reference is between 30 and 92 %. 
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Overall, using a transverse axis for spatial encoding seems to yield much more accurate results 

in cases when the sample is shaken prior to the diffusion measurement. 

10.5.4. Hyperpolarized SPEN DOSY on mixture along x-axis  

10.5.4.1. Diffusion coefficient calculation  

Now that we have set up a strategy that provide stable diffusion coefficients after the shaking of the 

sample during the SABRE process it is time to put it to the test during a real SABRE experiment. Sample 

M4 composed of 4 molecules SABRE-compatible was used to this purpose. Results of SPEN DOSY 

STE along z axis were obtained using the same parameters as described in section 10.5.1 and are shown 

in Figure 93. We manage to acquire a series of 1H hyperpolarized SPEN DOSY display on this mixture.  

 

Figure 93 : SABRE SPEN DOSY on mixture M4 along x-axis , 2nd refill of p-H2. Data were acquired using Pxyz 

probe at 298K. 

Variation of D within a same molecule are less than 5 % and CSV is below 5 % which mean that these 

experiments are repeatable. A good separation is obtained and we were able to identify each molecule 

of our mixture. The results are no longer impacted by the unwanted convection effect and we were able 

to obtain stable diffusion coefficients within the 5 s delay that we have before the signal disappears. The 

diffusion curves are observed on 2.8 mm region because of the distortion due to the shape of the NMR 

tube. The correction by reference profile allows us to recover some points on the edges of the sample 

thus contributing to improve the resolution in the diffusion dimension. The resolution of the SPEN 

DOSY display is significantly decreased because of the SABRE process and because of the larger 

number of resonances present in the spectrum. Without all of the optimization presented in section 8 

these results could not be obtained. The phasing of the data in the spectral dimension was key in order 
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to get those results. Since this sample is a 5 mM sample we can say that we gain a factor 4 in term of 

limit of detection. Usually 20 mM at least is required to get a SPEN DOSY display.  

 We did try to decrease the concentration of sample and the results are shown in Figure 94. The 

sample used is M5 with a concentration of 2.5 mM per molecule instead of 5 mM and we see that we 

do not get a proper separation of the signal. Variation of D within a same molecule are less than 10 % 

and CSV is increased to 12 % compared to what we had previously. The separation is not achieved in 

this case and we probably reached the limit of this experiment. We also try to see was it would be with 

lower concentration (ca. 1 mM) and the use of a co-substrate but results were not much better. We did 

not observe all signal as the enhancement is molecules dependent and the sensitivity was too low for 

most of them.  

 

Figure 94: SABRE SPEN DOSY on mixture M5 along x-axis for a 2nd refill of p-H2. (a), (b) and (c) were acquired 

after three successive shaking of the NMR tube.  Data were acquired using Pxyz probe at 298K. 

10.5.4.2. Signal enhancement achieved with SABRE   

In this section the enhancement achieved with the SABRE method are discussed. This is important in 

order to see how low we can go in terms of concentration of the analytes. In thermal equilibrium 

experiments, the SNR required is at least 5 for the lowest gradient increment so it means that it should 

be 30-50 for the highest gradient increment. 20 mM is necessary to achieve this minimum SNR and get 

good SPEN DOSY spectra (data not shown). Ideally, we would like to go down to 1 mM. It has been 

demonstrated on ufCOSY coupled with SABRE at submillimolar concentrations and down to nanomolar 

concentrations as well [49,217]. 

Enhancement that we obtained in our experiment are correct compared from what is found in 

the literature even if they remain in the lowest side of the achievable range. Plenty of signal is obtained 

at 10 mM so the overall gain is a factor of 4 compared to thermal equilibrium experiments as SPEN 
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DOSY requires at a 20 mM sample. Results for the epsilon are found in Table 19 for all the molecules 

and the hyperpolarized spectrum versus the thermal equilibrium spectrum are shown in Figure 95. 

Enhancement was calculated by using the calculated area of the signal within topspin from a 1D spectra 

acquired during hyperpolarization process and after complete return to equilibrium. 

Table 19: Epsilon values calculated during the SABRE experiment on a 5 mM mixture. 

Molecule Epsilon 

pyridine 256 

bipyridine 20 

N,N-dimethylnicotinamide 85 

3-ethylpyridine 256 

 

Figure 95: Comparison of thermal equilibrium 1D spectrum (red) and enhanced 1D spectrum (blue) acquired 

during the SABRE process on M5. Data were acquired using Pxyz probe at 298K. 

The enhancement is not the same for all molecules and the highest value of  is obtained for pyridine 

and 3-ethylpyridine with a 256-fold signal amplification. It is interesting to note that the epsilon for 

bipyridine is so low that we can recover the pyridine peak (at 11.7 ppm) that is overlapped with one of 

the peaks of bipyridine (see Figure 93). 

 Attempt to decrease the concentration and evaluate the enhancement was done only on for 

concentration of 1 mM and pyridine-d5 or mtz (1-methyl-1,2,3-triazole) as co-substrate (data not 

shown). As explained in section 5, the use of a co-substrate is mandatory to preserve the activity of the 

catalyst. Otherwise, an inactive complex will be formed with the solvent. The co-substrate should have 

the same binding properties to the catalyst than the analytes and its signals should not be overlapped 

with signals coming from the analytes.  

  At 1 mM the co-substrate mtz appear to be better than pyridine-d5 and give observable signals. 

No signal was observed with pyridine-d5 at this concentration and the efficacy of this co-substrate is 

lower compared to the mtz. The drawback of this co-substrates is its exchange with the hyperpolarized 
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compounds giving the impression of signal intensity over time. Overall the enhancement a 1 mM and 

with co-substrate is no more than 32 and this was not enough to get SPEN DOSY display with SABRE.  

10.6. Conclusions  

Convection compensated pulse sequences were used but led to no accurate results. We finally managed 

to get successful results by encoding to diffusion encoding along a transverse direction. We were able 

to record SPEN DOSY data from SABRE hyperpolarized substrates. The signal enhancements were 

comprised between 20 for bipyridine and 256 for pyridine. With a single batch of parahydrogen, 3 to 5 

consecutive sample shaking can be carried out. The use of a reference profile is mandatory for the 

processing of data obtained with spatial encoding along a transverse axis, and this approach provides a 

measurement that is more robust against sample convection. The gain is a factor 4 compare to what we 

usually have with thermal equilibrium SPEN DOSY. Nevertheless, our attempt of SABRE-DOSY on a 

lower concentration (2.5 mM and 1 mM) failed since the enhancement was not sufficient. With in-flow 

system maybe lower concentration could be achieved.  

 The SABRE SPEN DOSY method that we have proposed is an innovative way of performing 

DOSY experiments in a fast and sensitive way.   
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Conclusions and perspectives  

During this project, we have shown that spatially encoded diffusion-ordered NMR spectroscopy (SPEN 

DOSY) is a general tool that can be used to address the challenge of separating 1D and 2D spectra of 

components in a mixture. Regarding the first part of the project, we focused on the development of fast 

multidimensional diffusion-based NMR methods in order to separate the pure spectra of compounds 

within a complex mixture. Starting from the initially proposed NMR sequences by Keeler and Frydman 

[41,42], two types of fast DOSY experiments were studied as preliminary steps of the overall project. 

Using these results as a basis, an improved sequence for SPEN DOSY was designed, embedding in a 

distinct way all the advantageous features identified to get optimum results [239]. Using a model sample, 

it was demonstrated that it is possible to perform a diffusion experiment in 241 ms compared to 

conventional experiments that require 17 min to be completed. The SPEN DOSY display, in which 

signals are sorted according to their diffusion coefficient value, is comparable to the conventional one. 

The SPEN DOSY approach provides a fast separation of components in mixtures. Although the accuracy 

of SPEN DOSY is not equivalent to that of the conventional approach, the separation of the components 

is still good. 

To address the limitations of SPEN DOSY for crowded spectra, a higher dimensionality DOSY 

experiment was then created by appending a COSY encoding block to the SPEN-DOSY pulse sequence 

[239]. In the case of 3D pulse sequences, either one or both of the indirect domains may be spatially 

encoded so that experiments are performed within the timescale of a conventional 2D experiment or 

faster. We choose to only spatially encode the diffusion dimension for the sake of greater resolution and 

maximized spectral width. This is a novel sequence that improves significantly the speed of the existing 

DOSY COSY experiment [148]. Using a model sample, we demonstrated that it is possible to perform 

a 3D diffusion experiment in 12 min compared to conventional experiments that require 14h to be 

completed. The SPEN DOSY COSY experiment was successful in returning the individual COSY of 

each molecule in the studied mixture  

Numerical simulations of the SPEN DOSY experiment using Spinach software [44], in 

partnership with Ilya Kuprov, were used as a support to improve those results. With this package, the 

SPEN DOSY-like diffusion lineshape was simulated on a 1H spin system. Extra care was taken to ensure 

that all our simulations converged so that we can be sure that the returned results have a physical 

meaning. The finite difference approximation of the operator was used to run the simulation in less than 

2 min. The effect of several parameters such as the encoding gradient, the acquisition gradient or chirp 

duration was also studied to see their impact on the lineshape and the measured diffusion coefficient. 

Models used for data adjustment were corrected as well in order to improve the accuracy of calculated 

diffusion coefficient by reducing systematic errors.  
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SPEN DOSY spectra were collected from samples hyperpolarized with D-DNP. A new pulse 

sequence was designed so that several SPEN-DOSY data set could be recorded after a single dissolution 

step. Instead of using a STE based pulse sequence, this version is based on a double spin echo that uses 

an even number of adiabatic pulses as it helps to preserve magnetization from scan to scan. [206], [223] 

experiments are strongly impacted by convection, the pulse sequence was upgraded to compensate for 

convection. Jershow and Muller proposed, in the case of conventional DOSY experiments, to use double 

diffusion encoding steps instead of a single diffusion encoding step [163]. The strategy was successfully 

exploited for SPEN DOSY experiments and supported by numerical simulations. Using a model sample 

composed of acetate, pyruvate and urea labelled on the carbonyl, we demonstrated that it is possible to 

record DOSY data of hyperpolarized compounds in a single-scan. We are able to perform up to 5 SPEN 

DOSY after a single DNP step and this is promising to monitor dynamic processes. The results we 

obtained are repeatable and reproducible even though systematic error is still present and need to be 

corrected.   

 The Signal Amplification by Reversible Exchange (SABRE) method that consists in a transfer 

of polarization from parahydrogen to the substrate was studied in parallel [49]. Compared to DNP this 

molecules that possess nitrogen aromatic ring can be efficiently polarised although current development 

make it possible to polarise compounds such as amines, amides, carboxylic acids, alcohols, phosphates 

or carbonates. We demonstrated that it was possible to obtain SPEN DOSY display of SABRE 

hyperpolarized compounds. Since the SABRE experiment requires shaking of the sample that contain 

the catalyst and the substrate in solution as well as the para-hydrogen in the gaseous phase, we first 

evaluated the shaking effect on the calculated diffusion coefficients. By shaking the sample, we create 

additional movement other that Brownian motion which is detrimental for DOSY experiments. We 

observed that it takes 15s after shaking to get stable results so it means that the amplified signal would 

have disappeared before we can get proper values for diffusion coefficient. Attempts of convection 

compensation like the one used for the DNP case were unsuccessful. Performing the spatial encoding 

of the diffusion in the transverse plane was the strategy that gave successful results, and we were able 

to get SABRE hyperpolarized SPEN DOSY data.  

DNP and SABRE together with SPEN-DOSY are of great potential use for the analysis of low 

concentrated mixtures of small molecules thus broadening the range of mixtures that may be analysed 

with diffusion NMR. Promising results were obtained for DNP-DOSY and SABRE-DOSY and despite 

the good separation achieved, the measured diffusion coefficients suffer from a systematic error. This 

strategy may be applied for chemical reaction monitoring. In the meantime, the use of a double diffusion-

encoding step makes it possible to attenuate convection effects, which is also supported by numerical 

simulations that did play an important role to reach our goal. This was a key strategy in our experiments. 

Systems undergoing chemical reactions or molecular interactions may benefit from this approach. H
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 igher enhancements are expected with the use of faster transfer systems or shorter recycle delay 

and this, in the case of DNP, would allow for studies of low concentrated mixtures down to sub-

millimolar concentrations. Our attempt to decrease the concentration with SABRE remained vain but 

with in-flow systems we should be able to do it. Some work has still to be done in order to reduce the 

systematics errors on diffusion coefficients values.   

 

In conclusion, this project has provided solid ground for SPEN DOSY experiments thank to the 

introduction of a powerful numerical tool for the simulation, understanding and improvement of SPEN 

DOSY experiments but also thank to the robust implementation of the SPEN 2D DOSY approach. The 

methodological developments around ND DOSY is expending especially in the field of chemical 

reaction monitoring and we hope that it will lead to application on real complex mixtures.  
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Abstract : NMR spectroscopy is a powerful tool 
that allows a direct study of mixtures in a non-
invasive manner. The NMR spectra of 
molecular species in mixtures can be separated 
with diffusion-ordered spectroscopy (DOSY), a 

measurement of translational diffusion 
coefficients. Major limitation of DOSY comes 
from the time-dependent diffusion dimension, 
which results in long experiment durations, and 
also from the low sensitivity of NMR. The 
present work aims to build an innovative tool for 
mixtures characterization that will be faster and 
more efficient for low concentrated samples. We 
first generalized the concept of nD spatially 
encoded (SPEN) DOSY experiments for the 
analysis of complex mixtures. As bring forward 
by the so-  

the use of a spatial dimension to encode 
diffusion can accelerate experiments by several 
orders of magnitude since it replaces the 
sequential acquisition of sub-experiments by a 
parallel acquisition in different slices of the 
sample. More advanced exploration of 
SPENDOSY were carried out using numerical 
simulations for purpose of resolution and 
accuracy improvement. To address sensitivity 
issues, we then demonstrated that SPENDOSY 
data can be collected for hyperpolarized 
substrates. This particular coupling between 
conventional diffusion-based method with 
advanced techniques such as ultrafast NMR and 
hyperpolarization should mark a significant 
progress for complex mixtures analysis 
especially for time-evolving processes. 

 

 


